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General introduction
Introduction and rationale 
Binaural hearing
The auditory system  in hum ans w ith norm al hearing processes inform ation from both 
ears. The ability of the auditory system  to integrate sounds from both ears along the 
auditory pathw ay is referred to as binaural hearing.1 Compared to listening w ith 1 ear, 
binaural hearing enables sound source localisation and im proves the detectability of 
sound a t low er levels in noisy environm ents.1 These advantages are the resu lt of 
com parison of the signals reaching the 2 ears. Differences in loudness level and arrival 
time betw een the 2 ears are basal cues in sound source localisation in the horizontal 
plane. A m onaural cue for sound source localisation, especially for vertical localisation 
and discrim ination in front from back, is a change in the spectrum  of the sound induced 
by the shape of the pinna.
Interaural level differences (ILDs) are prim arily caused by the head acting as an acoustic 
barrier against sound. W hen the sound source is closer to 1 ear than to the other, the 
perceived loudness of the sound reaching the far ear, located in the acoustic shadow  of 
the head, will be softer than the perceived loudness reaching the near ear. This 
mechanism is m ost effective a t high frequency sounds, above 1500 Hz and can be as 
large as 20 dB.2 An interaural time difference (ITD) also arises w hen the sound source is 
closer to 1 ear than the other, resulting in both a difference in arrival time and a phase 
shift betw een the 2 ears. The ITD is m ost effective a t frequencies below 1500 Hz. Besides 
the frequency characteristics of the sound and the diam eter of the head, the size of both 
the ILD and ITD depends on the angle of the sound source w ith respect to the subject. 
For pure tones, subjects w ith norm al hearing are able to detect ITDs as small as 10 [is at 
low frequencies and ILDs as small as 0.5 dB a t high frequencies.3 For middle frequencies 
neither ITDs nor ILDs provide efficient cues for sound localisation. In discrim inating 
betw een locations of either the left and the right, the minimum audible angle (MAA) for 
adults w ith norm al hearing is as small as 1-2° azim uth.3 Although it seems likely tha t 
these cues provide a sim ilar contribution to sound source localisation of broadband 
stimuli,4 this is no t the case. For broadband stimuli, ITDs are the dom inant cues for 
localisation.5
Such binaural cues also make a valuable contribution to speech perception. Not only the 
localisation of the speaker provides advantages in speech perception with 2 ears, also 
binaural summation, the head shadow  effect and binaural unm asking provide a listening 
advantage. When 2 identical signals are provided to both ears, listening w ith 2 ears over 
1 ear induces a gain of approxim ately 3 dB a t threshold level and a t com fort level this 
gain is even larger (5-6 dB). This im provem ent is called binaural sum m ation.6 W hen the 
signal and noise are spatially separated, the head shadow  effect, resulting in an ILD, 
causes a m ore advantageous signal-to-noise ratio (SNR) for the ear farthest from the 
noise source. For speech perception, the head shadow  effect results in a gain of 3.5 to 7.8 
dB depending on the angle of the noise source, the speech m aterials and the noise 
characteristics.7 Because the head shadow  effect is a m onaural effect, it can also be
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advantageous in persons with unilateral hearing if the functional ear lies in the shadow  
of the head. By centrally combining the signals from both ears, the effect of adding the 
ear with a less advantageous SNR, results in a further gain in speech perception of 
approxim ately 3 dB. This effect is called binaural unm asking.6 When speech and noise 
are spatially separated, the im provem ent in speech perception relative to speech and 
noise coming from the same sound source, is called the spatial release from masking 
(SRM).8 This effect can be a ttributed  to the head shadow  effect and binaural processing.8 
In adults w ith norm al hearing, Litovsky8 found an average SRM of 3.3 dB.
Although auditory structures are p resen t a t birth, the auditory system  needs to be 
stim ulated for m aturation of the auditory pathways. W hereas the cochlea is fully 
developed a t birth, the auditory brainstem  and cortex still m ature after birth. In children 
w ith norm al hearing the auditory brainstem  is m atured betw een 1 and 3 years of age.9,10 
The mechanism underlying m aturational changes are presum ably the effect of 
myelinisation, greater synaptic efficacy and increased synchronisation of neural 
activity.10,11 The cortical axons m ature from deep to superficial layers and the auditory 
cortex becomes adult-like during adolescence.12-14 Besides the m aturation of the 
auditory pathways, the increase of the head circumference may have an influence on 
binaural hearing as well. Behavioural data shows th a t w ith increasing age, MAAs 
decrease and localisation accuracy increases.15,16 By the age of 5 years, children show 
adult-like localisation abilities.15,16 Van Deun e t al.16 reported  th a t no t only localisation 
accuracy increased bu t accuracy also showed less variability w ith increasing age. 
Furtherm ore, results from children aged 4.5-7.5 years showed th a t the SRM is not 
statistically different from th a t of adults. SRM was obtained by the use of speech 
reception thresholds (SRTs), which are defined as the level a t which 71% of the trials 
lead to a correct response.17 In these children, the SRTs, however, w ere significantly 
poorer than for adults.8 Besides age, the effect of speech m aterial, which is partly based 
on the child’s lexical skills, can also influence speech perception.18 Furtherm ore, 
Litovksy e t al. 8 and Van Deun et al.16 indicated th a t cognitive and attention skills may 
have influenced the binaural abilities of children younger than 5 years of age.
Functioning of a cochlear implant
The prevalence of congenital bilateral perm anent hearing loss is roughly 1 in 1000 live 
new borns.19,20 For the UK, in approxim ately 44%  of the live newborns, the hearing loss 
is severe to profound.19 In subjects w ith a severe-to-profound sensorineural hearing 
loss, hair cells in the cochlea are lost or damaged. A powerful acoustical hearing aid (HA) 
will not provide sufficient amplification to obtain access to speech sounds. In these 
subjects, a cochlear im plant (CI) might be m ore suitable. A CI bypasses the deficient p art 
of the auditory system  and directly stim ulates the auditory nerve electrically.
The internal p art of a CI includes a receiver-stim ulator package, 1 or 2 extracochlear 
reference electrodes and an intracochlear electrode array  with multiple electrodes, of 
which the num ber depends on the m anufacturer. In Figure 1a an example is shown of
12
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the internal p a rt of a CI by the Cochlear Corporation. The standard  electrode array of the 
Cochlear Corporation has a “modiolus-hugging” design and is inserted into the scala 
tympani. For the current CIs by the Cochlear Corporation, the extracochlear reference 
electrodes are located on the case of the receiver-stim ulator package and a t the tip of a 
separate lead, which is placed under the tem poral muscle.
The external p a rt of the CI by the Cochlear Corporation consists of a cable and coil w ith a 
rem ovable m agnet and a sound processor (Figure 1b and 1c). Depending on the age and 
preference, the recipient w ears either a body w orn (Figure 1b) or a behind the ear 
(Figure 1c) sound processor. The m icrophones on the sound processor pick up the 
acoustic signal. The electrical signal is then preamplified, processed and transm itted  
transcutaneously via a radio frequency carrier to the internal receiving coil, which is 
w ired to the internal stim ulator. The internal stim ulator sends electrical pulses via the 
electrode lead to the intracochlear electrodes.
Figure 1 a) Cochlear Nucleus® Freedom™ cochlear implant with Contour Advance™ 
electrode, b) Cochlear Nucleus® Freedom™ body worn sound processor, c) Cochlear 
Nucleus® Freedom™ behind the ear sound processor.
Several coding strategies exist to transform  the incoming signal into an electrical code. 
The subjects w ithin this thesis all used the Cochlear Corporation’s Advanced 
Combination Encoder (ACE) strategy. For the ACE strategy, the incoming signal is 
filtered into 22 frequency bands th a t correspond to the 22 intracochlear electrodes. The 
frequency allocation of the electrodes follows the tonotopic organisation of a normal 
functioning cochlea, w ith the m ost basal electrode allocated to the highest frequency 
band and the m ost apical electrode to the low est frequency band. Based on the highest 
energy input of the 22 frequency bands, in each cycle a maximum num ber of 8 to 12 
electrodes are selected for stimulation. The intracochlear electrodes are stim ulated 
sequentially w ith 1 or 2 of the extracochlear electrodes serving as the reference 
(m onopolar stim ulation) a t a typical rate of 900 Hz. The am ount of electrical current 
provided by the CI is individually se t for the lower threshold (T-level) and upper 
stim ulation level (C-level) of each intracochlear electrode.
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Hearing & Implants
Cochlear Im plantation Nijmegen is p a rt of Hearing & Implants, in which knowledge and 
care is combined for all im plantable hearing devices. Hearing & Implants is p art of the 
departm ent of Otorhinolaryngology, Head and Neck Surgery of the Radboud University 
Nijmegen Medical Centre. The main goal of Cochlear Im plantation Nijmegen is to help 
children and adults w ith severe-to-profound deafness to participate in the hearing 
society. After 25 years of experience w ith CIs, care is provided for over 1000 children 
and adults. As perform ance w ith CIs differs am ong recipients, personal support is 
offered, which is geared to m eet these individual needs.
Most children th a t are currently im planted a t Hearing & Implants have a congenital 
cause of deafness. In the past, relatively m ore children suffered from acquired deafness. 
This change in aetiology is mainly caused by the introduction of the vaccination against 
Haemophilus Influenzae type B, Meningococcus group C and Streptococcus Pneumoniae. 
In Figure 2, for each period of 5 years, the percentage of children is shown th a t is 
im planted a t a certain age. Over time, m ore children are im planted a t a younger age. In 
all of the children im planted a t Hearing & Implants, approxim ately 30% exhibit 
additional disabilities such as mental retardation, behavioural deficits, developm ental 
delays and learning disabilities. A recen t evaluation showed th a t approxim ately 45%  of 
the im planted children, w ithout additional disabilities, attend  to m ainstream  school 
settings after 5 years of CI use.
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□ 48-71 months "72-95 months ">96 months
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Figure 2 Hearing & Implants: age at cochlear implantation. For each period, the 
percentage of children is depicted that was implanted before 12 months, between 12 and 
23 months, between 24 and 35 months, between 36 and 47 months, between 48 and 71 
months, between 72 and 95 months and after 96 months of age.
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Performance of children with unilateral cochlear implants
In the Netherlands, children w ith a severe-to-profound (>85 dB HL) sensorineural 
hearing loss are generally provided w ith a unilateral CI. In com parison to no 
intervention, unilateral cochlear im plantation in children is associated w ith a significant 
gain in quality of life (QoL), savings in the costs of education and is likely to be cost- 
effective.21-23 Children w ith a CI achieve be tte r hearing thresholds, speech perception in 
quiet scores and communication skills than children w ith sim ilar hearing loss who use 
powerful acoustical HAs.24,25 Although, the results w ith CIs are very encouraging, 
perform ance may vary substantially among recipients. For example, Snik et al.24 showed 
th a t over time, speech perception im proved for all im planted children, bu t the rate in 
im provem ent was dependent on the duration of deafness/age a t onset of deafness and 
communication mode.
As a resu lt of the enhanced auditory skills induced by unilateral cochlear implantation, 
severe-to-profoundly deaf children are able to exhibit sim ilar language developm ent 
rates as their peers w ith norm al hearing. A gap in language perform ance betw een 
children w ith norm al hearing and children w ith CIs, however, still exists.26 In agreem ent 
w ith data on speech perception perform ance, age a t im plantation is a significant factor 
contributing to the language skills of children w ith CIs. In contrast to children who w ere 
im planted betw een 25 and 48 m onths of age, Svirsky e t al.27 showed th a t children 
im planted betw een 12 and 24 m onths had near norm al language skills. Moreover, Geers 
e t al.28 showed th a t in children who received an auditory-oral intervention, 
approxim ately half of them  exhibit age-appropriate spoken language skills. Although 
early cochlear im plantation may lead to age-appropriate general language skills, more 
than half of these children still encounter difficulties in the m ore complex language 
areas.28
From the aforem entioned studies it seems likely th a t there is a certain tim e window  in 
which a CI m ust be provided to gain optimal results. Holt and Svirsky29 suggested th a t 
this sensitive period for spoken language is during the first 4 years of life. This is in 
agreem ent w ith data on electrically evoked auditory cortical responses (EACRs), which 
showed th a t EACRs only m atured to age-appropriate levels w hen the CI was provided 
before the age of 3.5 years.30 Because of this restricted  sensitive period, Holt and 
Svirsky29 also looked into the effect of cochlear im plantation on speech and language in 
children th a t w ere im planted before the age of 12 months. This small group of children 
showed advantages in receptive language developm ent in com parison w ith children 
im planted betw een 13 and 24 m onths.29
Besides the effect of age a t im plantation, Nicholas and Geers31 showed th a t the 
preoperative average hearing level w ith a HA and duration of CI use also had a 
significant im pact on spoken language. Children w ith poorer preoperative aided hearing 
levels and a shorter duration of CI use, showed poorer language perform ance. 
Furtherm ore, other factors like communication mode, nonverbal intelligence, family
15
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size, socio-economic status, income and gender explained differences in language 
outcomes am ong children w ith CIs.31
Bilateral hearing
Although children w ith unilateral CIs achieve good speech perception skills in quiet,24 
they still encounter difficulties in the more complex listening conditions such as speech 
perception in noise and directional hearing. As nowadays alm ost 60%  of the CI-children 
w ithout additional disabilities fully attend  to m ainstream  school settings,32 the 
consequence of unilateral hearing is a serious m atter of concern. Classrooms often 
display excessive background noise, w ith SNRs reported  from +5 dB to -7 dB.33 These 
poor classroom  acoustics have an adverse effect on speech perception, especially for 
children w ith hearing loss.33 Research showed th a t as a consequence, school-age 
children w ith several degrees of unilateral hearing loss are a t risk for speech-language 
delays and educational grade failures.34 Although for children w ith CIs, the use of 
personal frequency-m odulated (FM) system s in classroom environm ents improves the 
perception of the teacher’s speech,35 the speech of their peers within the classroom will 
still be difficult to perceive. A way th a t may overcome this difficulty is the provision of 
bilateral cochlear im plants (BiCIs). BiCIs m ight lead to binaural capabilities or a t least 
resu lt in bilateral benefits caused by the head shadow  effect. In m ost individuals w ith 
HAs and bone-anchored hearing aids (BAHAs), bilateral use results in be tte r speech 
perception and localisation in com parison w ith unilateral use.36-38 In addition, subjects 
w ith bilateral BAHAs in the study of Bosman e t al.36 dem onstrated  binaural capabilities. 
As a resu lt of the conceivable im provem ent in speech perception in noise and 
localisation, it is expected th a t children w ith BiCIs are m ore likely to incidentally pick up 
speech and language than children w ith a unilateral CI. Thus, they have greater scope for 
incidental learning. In the long-term, this can lead to be tte r narrative skills and 
subsequently can resu lt in be tte r school perform ance.39 Similar results w ere also seen in 
studies w ith conventional HAs. Children who received bilateral HAs obtained higher 
secondary school qualifications than children th a t w ere fitted unilaterally.40 When 
children w ith BiCIs pick up speech and language m ore incidentally, this may also resu lt 
in cost savings for speech and language therapy and educational support.
BiCIs can be im planted either sim ultaneously in 1 surgical session or sequentially (in 2 
separate  surgical sessions). In the case of BiCIs im planted simultaneously, the costs and 
burden of a second operation and hearing rehabilitation are reduced com pared to BiCIs 
im planted sequentially. However, the advantage of sequential bilateral cochlear 
im plantation is th a t the vestibular function can be assessed prior to im plantation of the 
second CI (CI2). Although the risk of affecting the vestibular system  after unilateral 
cochlear im plantation is limited, Buchman e t al.41 estim ated th a t in less than 5% of the 
children a bilateral loss of either hyporeflexia or areflexia may occur after sim ultaneous 
bilateral cochlear im plantation. In addition, before im planting a CI2, in children w ith 
residual hearing, im planting sequentially offers the opportunity  of assessing the possible 
benefit of a contralateral conventional HA in the non-im planted ear (bimodal
16
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stim ulation). A drawback, however, is th a t it is unknown w hether longer periods of 
unilateral hearing, induced by the first CI (CI1), have a detrim ental effect on the bilateral 
advantages to be obtained. Integration of the signal from both im plant sides is im portant 
for restoring binaural capabilities. However, neural processing along both auditory 
pathw ays may run asynchronously, caused by the delay betw een the 2 im plantations 
(inter-im plant delay).
In adults w ith postlingual deafness, results from questionnaires showed th a t bilateral 
cochlear im plantation is associated w ith im provem ents in QoL, predom inantly reflected 
by the disease-specific aspects of QoL.42 In comparison to listening w ith a unilateral CI, 
bilateral advantages w ere also found for localisation43-45 and for speech perception in 
quiet and noise.46 Likewise, the sequentially im planted adults participating in the study 
by Ramsden et al.47 showed bilateral advantages for speech perception in quiet and in 
noise. For some subjects, however, long inter-im plant delays caused poor speech 
perception perform ance w ith the CI2 alone, which coincided w ith lim ited bilateral 
advantages. In contrast, for localisation, Nopp et al.44 did not find an effect of duration of 
unilateral CI use in adults w ith BiCIs. Their results, however, indicated th a t there  was an 
effect of onset of deafness. Two subjects who w ere deafened before the age of 6 years, 
did not obtain bilateral advantages in localisation com pared to listening w ith a 
unilateral CI. It seems th a t during infancy, binaural hearing had no t m atured in these 
subjects and consequently, the provision of BiCIs during adolescence or adulthood did 
not lead to the developm ent of binaural hearing. In agreem ent, EACRs in adults w ith 
postlingual deafness w ere sim ilar to those obtained in adults w ith norm al hearing.48 
This suggests th a t in adults who w ere deafened during adulthood, the already m atured 
auditory system  can be reactivated by the provision of a CI. Like the developm ent of 
skills w ith a unilateral CI, it can be hypothesised th a t for children w ith prelingual 
deafness, the developm ent of binaural hearing is susceptible to a sensitive period in 
which BiCIs m ust be provided to obtain bilateral advantages. This hypothesis was 
supported by case reports on children who obtained BiCIs sequentially.49 One child 
received the CI2 after m ore than 8 years after the CI1. This child’s results showed th a t 
EACRs evoked by the CI2 w ere delayed in com parison to the EACRs evoked by the CI1 
side after 9 m onths of BiCI use.49
Study protocol
This thesis aims to assess the effectiveness of sequential bilateral cochlear im plantation 
for profound sensorineural hearing loss in children. In 2006, a t the s ta rt of this research 
project, only a few studies on children w ith BiCIs had been published. These studies 
reported  on a bilateral advantage for speech perception in noise50 and for the MAA.51,52 
In the Netherlands, only children deafened by meningitis are im planted bilaterally, 
usually simultaneously. In 2006, Beijen e t al.53 assessed a pilot study in 5 of these 
sim ultaneously im planted children w ithin our centre. The BiCI children w ithin the study 
by Beijen et al. 53 had significantly be tte r scores on a lateralisation task  than 5 children 
w ith a unilateral CI. These children also showed higher ratings in the spatial domain of
17
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the Speech, Spatial and Qualities of Hearing Scale (SSQ). Beijen et al.,53 however, w ere 
no t able to obtain results for speech perception in the children due to their young age. 
Consequently, age a t testing is 1 of the drawbacks in assessing bilateral advantages in 
young sim ultaneously im planted children. Children w ith sequential BiCIs are generally 
older w hen receiving the CI2 and, therefore, they have a m ore appropriate age to be 
tested  for the potential benefits of bilateral hearing. As the num ber of deaf children is 
relatively small and perform ance may vary substantially am ong them, another rationale 
for investigating children w ith sequential BiCIs is the w ithin-subject comparison 
betw een unilateral and bilateral cochlear im plantation. Compared to betw een-subject 
comparisons, fewer participants are needed and less random  errors occur. However, a 
w ithin-subject com parison does no t differentiate betw een effects induced by the 
intervention and m aturational effects.
Objective
The prim ary objective of this thesis was to assess the short- to m edium -term  effects of 
sequential bilateral cochlear im plantation for profound sensorineural hearing loss in 
children. The short- to m edium -term  effects w ere assessed for 1) m aturation of the 
auditory pathways, 2) audiological perform ance and 3) QoL. The secondary objective 
was to assess w hether the results on these effects w ere indicative of a critical time 
period in which the CI2 should be provided. Factors th a t may influence the effects w ere 
evaluated, such as duration of BiCI use, chronological age, age a t first and second 
im plantations, inter-im plant delay and auditory approach (i.e. the am ount and type of 
communication).
Study design
The study presented in this thesis is a prospective cohort-control study. From research 
on children w ith unilateral CIs it is known th a t duration of CI use has a positive influence 
on audiological perform ance.24 It is therefore im portan t to evaluate the effects of 
bilateral hearing over time. Children w ithin the study group w ere tested  prior to the 
intervention (i.e. CI2 surgery) and after 6, 12 and 24 m onths of BiCI use. A small 
reference group of children w ith a unilateral CI, referred  to as the UCI group, was tested  
twice w ith a 1 year interval betw een the 2 assessm ent points. Outcomes of the UCI 
group w ere com pared w ith the BiCI group after 12 and 24 m onths of BiCI use.
Eligibility criteria
The inclusion criteria for sequential b ilateral cochlear im plantation were:
- a bilateral profound prelingual hearing loss (>100dB HL at 1, 2 and 4 kHz);
- im planted w ith a unilateral CI before the age of 3 years, in which a full insertion of 
the electrode array  was achieved;
- a t least 1 year of experience w ith a unilateral CI;
- m otivated parents and candidates to undergo the surgery and the rehabilitation of 
the CI2;
- chronological age less than 9.0 years.
18
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The exclusion criteria for sequential bilateral cochlear im plantation were:
- cognitive, learning an d /o r behavioural deficits;
- partial insertion of the unilateral CI;
- benefit from a contralateral conventional HA;
- anatom ical malform ations th a t m ight prevent full insertion of the electrode array or 
th a t might stim ulate the facial nerve;
- progressive systemic diseases;
- a medical condition th a t contraindicates the use of general anaesthesia during the 
im plant procedure.
Study group
At the s ta rt of this research project, our centre provided aftercare for a total of 207 
children w ith a unilateral CI. Forty-seven children w ere found to be eligible candidates 
for sequential bilateral cochlear im plantation. All parents of the 207 children w ith a 
unilateral CI w ere inform ed w hether their child was either eligible or not. Parents of the 
eligible children w ere invited to an inform ation day. Prior to decision making, the 
functioning of the vestibular system  was assessed by vestibulo-ocular reflexes using 
caloric irrigations and rotational chair testing. Seventeen parents chose no t to proceed 
because of the potential risk of damaging the vestibular system  or the burden on the 
child and family of the second operation an d /o r the second course of rehabilitation.
A total of 30 children w ere im planted a t the Radboud University Nijmegen Medical 
Centre and received the CI2 betw een April 2006 and June 2007. All CI1 and CI2’s w ere 
Nucleus® 24 m ultichannel devices, Cochlear Corp., Australia. Parents w ere familiar w ith 
the protocol of the study and w ritten  inform ed consent was obtained before their child 
received the CI2. The Committee on Research Involving Human subjects of the Radboud 
University Nijmegen Medical Centre approved testing. Mean age a t time of CI1 
im plantation was 1.8 years (SD: 0.5 years; range: 0.9-2.7 years) while the mean age at 
CI2 im plantation was 5.3 years (SD: 1.6 years; range: 2.4-8.5 years). The mean in te r­
im plant interval was 3.5 years (SD: 1.5 years; range: 1.2-7.2 years). All the children had 
congenital deafness except 3 who had acquired prelingual deafness as a resu lt of 
meningitis. Full insertion of the electrode array  into the cochlea was achieved in all 
cases. The full subject characteristics are listed in Table 1.
Nine children w ere included in the UCI group and w ere m atched w ith the BiCI group for: 
1) age a t unilateral im plantation, 2) chronological age, and 3) degree of bilateral 
deafness (these children had no residual hearing and w ere not candidates for bimodal 
fitting). All these children w ere prelingually deaf and did not have any diagnosed 
developm ental, learning an d /o r behavioural deficits. They had received their CI 
(Nucleus® 24 m ultichannel device, Cochlear Corp., Australia) a t a m ean age of 1.6 years 
(SD: 0.4 years; range: 0.8-2.0 years). Full insertion of the electrode array  into the cochlea 
was achieved in all cases. Subject characteristics are also listed in Table 1.
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Table 1 Subject characteristics
Age 
onset 
deafness 
Subject Sex (yr) Aetiology
Implant
type-
CU
Implant
type-
CI2
Age
CU
(yr)
Age
CI2
(yr)
Inter­
implant
delay
(yr)
Side
CU
BiCIl M 0.0 Waardenburg CI24M CI24RE 1.3 8.5 7.2 right
BiCI2 M 0.0 unknown CI24RCS CI24RE 2.4 7.8 5.4 right
BiCI3 M 0.0 hereditary CI24RCS CI24RCA 2.3 7.8 5.6 left
BiCI4 F 1.1 meningitis CI24M CI24RCA 2.0 7.2 5.2 right
BiCI5 F 0.0 unknown CI24RCS CI24RE 1.3 7.0 5.8 right
BiCI6 F 0.0 unknown CI24M CI24RCA 2.0 6.9 4.9 right
BiCI7 F 0.0 unknown CI24M CI24RE 2.3 6.8 4.6 right
BiCI8 F 0.0 unknown CI24RCS CI24RCA 2.7 6.7 4.0 right
BiCI9 F 0.2 meningitis CI24RCS CI24RCA 2.0 6.0 4.0 right
BiCIlO F 0.0 unknown CI24RCS CI24RCA 2.6 5.9 3.3 right
BiCIll M 0.0 Waardenburg CI24M CI24RCA 1.5 5.9 4.4 right
BiCI12 F 0.4 meningitis CI24RCS CI24RCA 2.1 5.8 3.7 right
BiCI13 M 0.0 unknown CI24RCS CI24RCA 2.3 5.5 3.3 right
BiCI14 M 0.0 unknown CI24M CI24RCA 1.2 5.5 4.3 left
BiCI15 F 0.0 unknown CI24RCA CI24RE 2.1 5.1 3.0 right
BiCI16 M 0.0 premature birth CI24RCA CI24RE 2.1 5.0 2.9 right
BiCI17 M 0.0 unknown CI24RCS CI24RE 1.4 5.0 3.6 right
BiCI18 F 0.0 unknown CI24RCA CI24RCA 2.1 4.9 2.8 right
BiCI19 F 0.0 Waardenburg CI24RCA CI24RE 1.3 4.7 3.3 right
BiCI20 F 0.0 unknown CI24RCA CI24RE 1.8 4.5 2.7 right
BiCI21 F 0.0 DFNB1 CI24RCA CI24RE 1.6 4.5 2.9 right
BiCI22 M 0.0 Usher CI24RCS CI24RCA 1.1 4.5 3.4 right
BiCI23 F 0.0 DFNB1 CI24RE CI24RE 2.2 3.8 1.7 left
BiCI24 M 0.0 cytomegalovirus CI24RCA CI24RE 1.3 3.8 2.6 right
BiCI25 M 0.0 GJB2 gene mutation CI24RE CI24RE 2.2 3.6 1.4 left
BiCI26 M 0.0 unknown CI24RCA CI24RE 1.2 3.3 2.1 right
BiCI27 M 0.0 unknown CI24RE CI24RE 2.0 3.2 1.2 right
BiCI28 M 0.0 unknown CI24RE CI24RE 1.5 3.2 1.7 right
BiCI29 M 0.0 hereditary CI24RE CI24RE 1.3 2.8 1.5 right
BiCI30 M 0.0 unknown CI24RE CI24RE 0.9 2.4 1.5 right
UCU F 0.0 unknown CI24RCS 1.9 right
UCI2 F 0.0 unknown CI24RCS 1.3 right
UCI3 F 0.9 meningitis CI24RCS 1.6 left
UCI4 F 1.2 meningitis CI24RCS 1.8 left
UCI5 M 0.0 unknown CI24RCS 2.0 left
UCI6 M 0.0 hereditary CI24RCS 1.3 left
UCI7 M 0.0 DFNB1 CI24RCA 1.4 right
UCI8 F 0.0 Usher CI24RE 1.8 right
UCI9 M 0.0 unknown CI24RE 0.8 right
CI1 indicates first cochlear implant; CI2, second cochlear implant; F, female; M, male.
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Table 2 Sound processor types of the subjects
Before 0 2 6 m on ths 6 m on ths 12 m on ths 12 m on ths 24  m on ths 24  m on ths
Subject su rg e ry -C U -CI2 -CI1 -CI2 -CI1 -CI2
BiCIl E3G E3G Fr BTE E3G Fr BTE E3G Fr BTE
BiCI2 SPr Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE
BiCI3 SPr Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE
BiCI4 SPr SPr SPr SPr SPr SPr SPr
BÌCI5 SPr Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE
BiCI6 SPr Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE
BÌCI7 SPr Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE
BiCI8 SPr SPr SPr Fr BTE Fr BTE Fr BTE Fr BTE
BiCI9 SPr Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE Fr BTE
BiCIlO SPr SPr SPr Fr BTE Fr BTE Fr BTE Fr BTE
BiCIll SPr SPr SPr Fr BTE Fr BTE Fr BTE Fr BTE
BÌCI12 SPr SPr SPr SPr SPr Fr BTE Fr BTE
BÌCI13 SPr SPr SPr SPr SPr Fr BTE Fr BTE
BÌCI14 SPr SPr SPr Fr BTE Fr BTE Fr BTE Fr BTE
BÌCI15 SPr SPr Fr BW SPr Fr BW Fr BTE Fr BTE
BÌCI16 SPr SPr Fr BW SPr Fr BW SPr Fr BW
BÌCI17 SPr SPr Fr BW SPr Fr BW Fr BTE Fr BTE
BÌCI18 SPr SPr SPr SPr SPr SPr SPr
BÌCI19 SPr SPr Fr BW SPr Fr BW Fr BTE Fr BTE
BÌCI20 SPr SPr Fr BW SPr Fr BW SPr Fr BW
BÌCI21 SPr SPr Fr BW SPr Fr BW Fr BTE Fr BTE
BÌCI22 SPr SPr SPr SPr SPr Fr BTE Fr BTE
BÌCI23 Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW
BÌCI24 SPr SPr Fr BW Fr BTE Fr BTE Fr BTE Fr BTE
BÌCI25 Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW
BÌCI26 SPr SPr Fr BW SPr Fr BW SPr Fr BW
BÌCI27 Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW
BÌCI28 Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW
BÌCI29 Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW
BÌCI30 Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW Fr BW
UCU Fr BTE Fr BTE
UCI2 Fr BTE Fr BTE
UCI3 Fr BTE Fr BTE
UCI4 Fr BTE Fr BTE
UCI5 SPr Fr BTE
UCI6 SPr Fr BTE
UCI7 SPr SPr
UCI8 Fr BW Fr BW
UCI9 Fr BW Fr BW
CI1 indicates first cochlear implant; CI2, second cochlear implant; E3G, Nucleus® ESPrit™ 3G; Fr BW, 
Nucleus® Freedom™ body worn; Fr BTE, Nucleus® Freedom™ behind the ear; SPr, Nucleus® SPrint™.
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All the children used the ACE coding strategy. For the children with BiCIs, pulse rates 
and widths were kept the same for the 2 implants. In Table 2 the processor types are 
listed. During the research project, some children received an upgrade of their sound 
processor.
Thesis outline
Chapter 2 provides a systematic review on the literature with regard to BiCIs for 
severe-to-profound deafness in children. The objective was to assess the effectiveness of 
bilateral cochlear implantation compared with unilateral cochlear implantation alone or 
with a contralateral HA in children with severe-to-profound deafness. This review forms 
an update on the paediatric part of the systematic review conducted by the National 
Institute for Health and Clinical Excellence (NICE) in 2007.54
In prelingually deaf children, bilateral cochlear implantation might restore the 
development of binaural capabilities. For that purpose, integration of sound from both 
implant sides is essential. In children with BiCIs implanted sequentially, the neural 
processing along both pathways may not run synchronously. Since information from the
2 ears is firstly integrated at the level of the auditory brainstem, chapter 3 reports on 
the effects of sequential bilateral cochlear implantation on the processing of sound at the 
level of the auditory brainstem by the use of the electrically evoked auditory brainstem 
response (EABR). In chapter 4 auditory processing at the level of the auditory cortex 
was assessed. For reference purposes, EACRs evoked by the CI1 and CI2 were also 
compared with the auditory cortical responses in a group of children with normal 
hearing and with those of the UCI group. In both chapters, the effect of inter-implant 
delay was investigated.
Like Summerfield and Marshall55 illustrated for children with a unilateral CI, in children 
with BiCIs, the short-term auditory receptive performances will presumably induce a 
cascade of effects in the medium- to long-term. For health care interventions like 
bilateral cochlear implantation, it is important that the costs of the intervention are 
justified by these additional advantages compared to the alternative treatment 
(unilateral cochlear implantation). Before investigating such effects on language skills, 
psychosocial functioning and academic achievement, the short- to medium-term 
advantages of bilateral cochlear implantation should be demonstrated. Chapter 5 aims 
at investigating the possible primary advantages of bilateral hearing for lateralisation 
and speech perception in quiet and noise. The results for speech perception were also 
obtained in the UCI group. The effect of duration of BiCI use and the age in receiving the 
CI2 were taken into account.
Research in a clinical setting may not always be representative of everyday situations. 56 
In order to obtain results on everyday situations, the effect of sequential bilateral 
cochlear implantation on QoL is addressed in chapter 6. Parents of the BiCI and UCI 
groups completed both generic and disease-specific questionnaires. In chapter 7 the
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parental expectations w ith regard to bilateral cochlear im plantation will be treated. 
Parental expectations w ere assessed before surgery of the CI2 and w ere com pared w ith 
the observed outcomes postoperatively. In this chapter, another im portan t issue was 
explored: device use. During the rehabilitation period, device use of the CI2 was 
determ ined and com pared to CI1 use. Because age a t second im plantation may have an 
influence on the am ount of device use, the results w ere com pared w ith a reference 
group of children who received their unilateral CI a t approxim ately the same age as the 
BiCI group received their CI2. Other factors contributing to device use w ere also 
assessed, like speech recognition and auditory approach.
Finally, in chapter 8 the main results presented  in this thesis are sum m arised and 
discussed.
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Introduction
Since 1999 cochlear im plantation has been the standard care for Dutch children w ith 
bilateral severe or profound hearing loss. Children w ith cochlear im plants (CIs) achieve 
be tte r hearing thresholds and speech perception in quiet scores, which subsequently 
leads to be tte r speech and language perform ance, than children w ith sim ilar hearing 
loss who are using conventional hearing aids (HAs).1 It is a well-known fact th a t the 
hum an auditory system  is specialised to process inform ation from both ears. Compared 
to listening w ith 1 ear, listening w ith 2  norm al functioning ears increases speech 
perception, especially in noisy situations, and makes it possible to localise sound 
sources. These advantages are caused by our ability to utilise differences in arrival time, 
in am plitude and spectral differences betw een the 2 ears. This integration of sound from 
both ears along the auditory pathw ay is referred  to as binaural hearing.2 As cochlear 
im plantation is usually perform ed unilaterally, it is unclear w hether the provision of 2 
CIs, resulting in bilateral hearing, m ight restore binaural hearing and, consequently, 
improve speech perception in quiet/noise and sound source localisation. The 
aforem entioned bilateral advantages can be dem onstrated  by testing the speech 
perception and localisation abilities in subjects w ith 1 versus 2 CIs.3 Listeners w ith 
norm al hearing can hear speech a t lower levels than hearing w ith 1 ear alone, due to 
increased loudness of the sound w hen listening w ith both ears: binaural sum m ation.3,4 
When both speech and noise are presented in front of the listener and the loudness 
effect is corrected for, there still is a small enhancem ent of speech in noise perception, 
which is called the binaural redundancy effect. This effect results in a binaural advantage 
of approxim ately 1 or 2 dB. Although its mechanism is unknown, binaural redundancy 
m ust be the resu lt of centrally combining the signals from the 2 ears. It has been 
hypothesised th a t the gain is the resu lt of reducing the negative effects of internal noise 
in the auditory system  itself, w hen 2 channels can be used sim ultaneously.5,6 Subjects 
w ith norm al hearing also can hear speech a t lower levels in noise w hen the speech and 
noise are spatially separated, because of the head shadow  benefit: the head and 
shoulders act as an acoustic barrie r against sound. In this situation, the signal-to-noise 
ratios (SNRs) of the 2 ears are no t identical, which enables the listener to focus on the 
ear w ith the higher SNR.3,4 Another phenom enon tha t can occur w hen speech and noise 
are spatially separated is spatial unmasking. The signals a t the 2 ears are different in 
am plitude and phase. By centrally combining the inform ation from the 2 ears, the signal 
is separated  from the noise, which causes the listener to detect speech a t lower levels.3,4
Children w ith bilateral CIs (BiCIs) m ight show  be tte r sound source localisation and 
b e tte r speech perception, especially in noisy environm ents, than their peers w ith a 
unilateral CI (UCI). Therefore, children w ith BiCIs are m ore likely to incidentally pick up 
speech and language than children w ith UCIs. Thus, they have greater scope for 
incidental learning. In the long-term, this can lead to be tte r narrative skills and 
subsequently resulting in be tte r school perform ance.7 Similar results w ere also seen in 
studies w ith conventional HAs. Children who received bilateral HAs obtained higher 
secondary school qualifications than the children fitted unilaterally.8
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BiCIs can be im planted either sim ultaneously in 1 surgical session, or sequentially (in 2 
separate  surgical sessions). In children w ith sufficient residual hearing in the non­
im planted ear, bilateral stim ulation can be achieved by combining the CI w ith a 
contralateral conventional HA (CIHA). Ching e t al.9 showed th a t in children w ith this so- 
called bimodal stimulation, a greater benefit is seen in sound localisation and speech 
perception in noise than w ith a UCI alone.
Recently, the National Institute for Health and Clinical Excellence (NICE) in the UK has 
conducted a system atic review  on the clinical and cost-effectiveness of unilateral and 
bilateral cochlear im plantation in children and adults.10 The authors reported  neutral 
findings and positive trends tow ards the beneficial effect of BiCIs. Their literature 
search, which ended in October 2006, was updated in July 2007.
Since 2007, m ore evidence has been published on the effect of BiCIs in children. 
Therefore, we decided to update the paediatric p a rt of the NICE review, using the same 
methodology. Our objective was to assess the clinical effectiveness of bilateral cochlear 
im plantation com pared to unilateral cochlear im plantation alone or w ith a contralateral 
HA, in children w ith severe to profound hearing loss.
Methods
Criteria for inclusion of studies
Any type of controlled study was included on children w ith severe (70-94 dBHL) or 
profound (>94 dBHL) sensorineural hearing loss. Comparisons had to be m ade betw een 
BiCIs and UCI, or BiCIs and CIHA, in which multi-channel CIs w ith whole-speech 
processing coding strategies w ere implanted. Data had to be available on audiological 
outcomes (pure tone audiom etry), speech perception outcomes, speech production 
outcomes, functional capacities (e.g. sound recognition, language capacities, and 
localisation), health-related quality of life (self-reported m easures) or educational 
outcomes.
Search methods
The original search strategy of the NICE10 was used in the following electronic 
databases: MEDLINE and Embase, published betw een October 2006 and June 2009. The 
search query included the following prim ary term s: hearing loss, cochlear implants, 
cochlear im plantation and severe to profound deafness. These w ere combined with 
additional secondary search term s. In order to make the search as sensitive as possible, 
we om itted the search filter th a t only allows passing random ised controlled trials 
(RCTs) from the original query.
Study selection
Two of the authors m ade independent study selections. First by reading the title and 
abstrac t and then by retrieving the full papers and making the final selection based on 
the criteria set-out above. Disagreements w ere resolved by discussion.
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Data extraction
Data from the included studies w ere entered into standardised data extraction forms.10 
In several studies, results could only be extracted from figures. To maximise the 
accuracy of the data extraction, the figures w ere enlarged by approxim ately 400%, 
which still has limited accuracy. Details w ere gathered about the characteristics of the 
participants, interventions and outcomes.
Methodological quality
Two of the authors m ade independent assessm ents of the methodological quality of the 
studies selected for review. Methodological comments w ere subdivided into 5  types of 
bias: selection bias, perform ance bias, detection bias, bias due to incomplete outcome 
data and reporting bias. We applied the same criteria as the NICE.10 Disagreements were 
resolved by discussion.
Analysis
To increase readability and to be able to compare the selected studies, results from the 
studies w ere standardised for each outcome m easure. To standardise the results, the 
effect size (ES) w ith the corresponding 95%  confidence interval was calculated 
according to Deeks et al.,11 based on:
ES = (jU2 — jW1)/0pooled,
in which [i2 is the m ean of the outcome m easure in the bilateral situation, i i  is the mean 
of the same outcome m easure in the unilateral or bimodal situation and apooled is the 
pooled standard  deviation of 12 and i i .  Depending on the type of outcome, the 
advantageous effect of BiCIs can be reflected by either a positive or a negative ES value. 
The ESs w ere standardised such th a t a positive ES always represented  a BiCI advantage 
and a negative ES always a BiCI disadvantage com pared to the com parator treatm ent.
Level of Evidence
To assess the Level of Evidence (LoE) of the studies included in this review, we used the 
scoring m ethod proposed by Cox12 and Harbour and Miller.13 We also applied this 
m ethod to the studies previously review ed by the NICE. This m ethod rates the strength 
of the study design w ith a num ber th a t ranges from 1 (strong) to 5 (weak) (Table 1a). As 
the m ajority of studies m ade comparisons betw een BiCIs and UCI by switching 1 of the 
devices on or off, we decided to include an additional category w ithin the strength 4 
study type (4a and 4b), in o rder to distinguish betw een inter- and intra-subject 
com parison (Table 1a). To rate the quality of the studies w ithin the type of evidence, a 
rating was given to qualify the risk of bias (Table 1b). The risk of bias can range betw een 
++ (very low risk) to -  (high risk). None of the studies included had a low or very low 
risk  of bias. However, some studies had less risk of bias than others, which would not 
directly alter the conclusions of the study. Therefore, we also assigned an additional 
value (+/-), because of the small variation in the risk of bias betw een the studies. Study
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design together w ith the risk of bias m ade up the LoE. For example, an RCT with a high 
risk  of bias has an LoE of 2-.
T ab le  1 Level of Evidence w ith a) type of evidence and b) risk  of b ias12
a
Type of Evidence
1 Systematic reviews and meta-analyses of randomised controlled
trials or other high-quality studies.
2 Randomised controlled trials.
3 Nonrandomised controlled trials.
4a* Nonintervention studies: cohort studies, case-control studies, cross-
sectional surveys.
4b* Nonintervention studies with the subject acting as their own
control.
5 Case reports.
b
Rating Interpretation of Rating
++ Very low risk of bias. Any weaknesses that are present are very
unlikely to alter the conclusions of the study.
+ Low risk of bias. Identified weaknesses or omitted information
probably would not alter the conclusions of the study.
+/-* Medium risk of bias. Identified weaknesses or omitted information
probably would alter the conclusions of the study.
- High risk of bias. Identified weaknesses or omitted information are
likely or very likely to alter the conclusions of the study.
*The additional type or ra ting  was added by the  authors.
Results
Tables 3-10 can be found after the reference section of this chapter.
Study selection
A flow chart of the study selection process is shown in Figure 1. Nine publications w ere 
included,14-22 w hereas 8 studies on BiCIs in children, w ere excluded for various reasons 
(see Table 2). The NICE had review ed 4 paediatric studies.23-26 Therefore, the total 
num ber of studies included in our review  was 13.
Study characteristics
The characteristics of the studies are presented in Table 3. Three studies com prised a 
cross-sectional com parison (type of evidence: 4a). Twelve studies reported  on 
com parisons betw een BiCIs and UCI, while 4 studies reported  on com parisons betw een
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BiCIs and CIHA. None of the studies reported  on children w ith postlingual deafness. 
Nearly all of the studies addressed children w ith sequential BiCIs; only 2 also included 
children w ith sim ultaneous BiCIs.21,26 In 1 study, data on sequential and sim ultaneous 
BiCIs w ere no t presented separately.26 None of the studies reported  “audiological 
outcom es”, “speech production” or “educational outcom es”.
T ab le  2 Studies discussing bilateral im plantation th a t w ere excluded from  the review
Rejected papers Reason for rejection
1 Beijen J-W, Mylanus EAM, Leeuw AR, Snik AFM. Should a hearing aid in 
the contralateral ear be recommended for children with a unilateral 
cochlear implant? Ann OtolRhinolLaryngoL 2008; 117(6): 397-403.
Mixed data1
2 Galvin KL, Mok M, Dowell RC, and Briggs RJ. 12-Months post-operative 
results for older children using sequential bilateral implants. Ear Hear. 
2007; 28(Suppl): 19-21.
No usable data2
3 Gordon KA, Valero J, Papsin BC. Auditory brainstem activity in children 
with 9-30 months of bilateral cochear implant use. Hear Res. 2007; 
233(1-2): 97-107.
Technical3: wrong outcome
4 Gordon KA, Valero J, Papsin BC. Binaural processing in children using 
bilateral cochlear implants. NeuroReport 2007; 18(6): 613-617.
Technical3: wrong outcome
5 Gordon KA, Valero J, Van Hoesel R Papsin BC. Abnormal timing delays in Technical3: wrong outcome 
auditory brainstem responses evoked by bilateral cochlear implant use 
in children. OtoINeurotoL 2008; 29(2): 193-198.
6 Manrique M, Huarte A, Valdivieso A, Perez, B. Bilateral sequential 
implantation in children. AudiolMed. 2007; 5(4): 224-231.
No usable data2
7 Schafer EC, Amlani AM, Seibold A, Shattuck PL. A meta-analytic 
comparison of binaural benfits between bilalteral cochlear implants and 
bimodal stimulation. J Am Acad AudioL 2007; 18(9): 760-776.
Systematic review: no extra data 
to already included studies
8 Zeitler DM, Kessler MA, Terushkin V, Rolan TJ Jr., Svirsky MA, Lalwani 
AK, Waltzman SB. Speech perception benefits of sequential bilateral 
cochlear implantation in children and adults: a retrospective analysis. 
OtoINeurotoL 2008; 29(3): 314-325.
No usable data2
1Data in w hich child and  adult data  w ere mixed; 2Data w as 1) non-extractable, like available regression 
lines w ithou t the  additional raw  data  or m ean values or 2) already rep o rted  in another paper; 
3Electrophysiological m easurem ents, im aging outcom es, outcom es on surgical/m edical aspects, 
outcom es on the developm ent of new  evaluation m aterial in cochlear im plantation.
Methodological quality
The LoE of the studies are listed in Table 3. All the studies had level 4 strength, w ith 
either a medium (+/-) or high risk of bias (-). The quality w ithin the type of evidence 
w as low for several reasons, like the small num ber of participants, the high num ber of 
confounders, a conflict of in terest an d /o r no use of blinding. Table 3 shows the m ost 
conspicuous reasons under the heading “com m ent”.
Results
Meta-analyses could not be perform ed due to the heterogeneity of the studies. The study 
results are therefore presented qualitatively.
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Total number of abstracts from Initial 
literature search:
Medline (1241), Embase(1059) 
Total: 2300
After duplicate removal: 1386
V
Studies retrieved for more 
detailed evaluation: 
n= 179
\/
Potentially appropriate studies to 
be included: n = 9 
Papers obtained from these 
references: n = 9
\/
Studies with usable information: 
n = 9
Studies excluded with reasons (n=1207)
Narrative reviews/editorials/meeting abstracts = 78
Preclinical/biological/technical = 192
Case studies reports = 54
Uncontrolled studies = 33
Study abstracts/title only = 1
Not relevant to Dutch setting = 97
Wrong subjects = 19
Outside the scope/epidemiological = 450
Animal studies = 3
Overlap NICE report = 280
Studies excluded with reasons (n=170)
SR  (n=1) no additional data besides already included
studies
Wrong outcome measure = 45
Wrong comparison = 60
Participants hearing level too good = 4
Mixed child and adult data = 6
Mixed Cl and HA data = 0
Mixed old and new coding strategies = 1
Mixed pne- and postlingual data = 3
Retrospective questionnaires = 4
Old technology = 0
Old coding strategy = 7
Degree of deafness not specified = 0
No pre-implant data = 2
Normal controls = 14
No usable data = 13
Modelling paper = 1
Adult data = 9
Studies rejected from further papers with reasons (n=9)
Narrative reviews/editorials/meeting abstracts = 1
Preclinical/biological/technical = 2
Outside the scope/epidemiological = 2
Overlap NICE report = 2
Mixed pre- and postlingual data = 1
Adult data = 1
F igu re  1 Flow chart of the  study  selection of the search
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Bilateral versus unilateral implantation
Four of the studies reported  on speech perception in quiet.20'21'23'26 One of them 20 only 
m ade com parisons betw een the first and second CIs, i.e. CI1 and CI2, respectively. 
Significant differences in perform ance w ere found betw een the 2 im plants in the 
children who received their CI2 a t an age of older than 4 years, b u t not in the group who 
received their CI2 a t a younger age.20 Significant bilateral advantages w ere found in 2 
studies (Table 4, Figure 2).21,23 Peters et al.23 divided their subjects into 3 age groups, 
based on the age a t CI2 (Table 3). Group I, II and III received their CI2 betw een 3 and 5, 
5;1 and 8 years and 8;1 and 13 years, respectively. Postoperative, no bilateral 
advantages w ere found in the 3 groups w hen speech perception in quiet was com pared 
betw een BiCIs and CI1.
Gordon and Papsin21 
4b+/-
Peters et al.23 
4b+/-
simultaneous 
short delay 
long delay 
long deaf i
simultaneous 
short delay 
long delay 
long deaf
group I 
group II 
group III
group I 
group II 
group III
group I
■-------------------------- □ —
i----------------- ▲ ----------------i
-------------▲ --------------- '
- pre/post
groupll i i------------- A-------group III
Kühn-lnackeret al.26 -i------*------- 1 BiCI vs left Cl
4b- ! *  1 BICI vs right Cl
-6 -2 0
Effect Size
F igu re  2 Speech perception  in qu iet in w hich BiCI is com pared w ith CI1 (black squares 
and triangles) and BiCI is com pared w ith CI2 (white squares and triangles). Squares 
rep re sen t the ESs of our included studies, w hereas triangles rep re sen t the ESs of the 
studies the NICE included. The size of the squares and triangles depends on the LoE; the 
h igher the LoE, the larger the square or triangle. Bars indicate the 95%  confidence 
interval. A sterisks indicate th a t an ES is significantly different from  zero. For the study of 
Gordon and  Papsin21 only the resu lts after 18-36 m onths are  depicted and  for Peters e t 
al.23 the resu lts after 12 m onths are depicted.
Sim ultaneous = no delay, sh o rt delay = 6-12 m onths, long delay = >2 years, long deaf = 
b ilateral deafness >3 years and  delay >2 years, group I = age CI2: 3-5 years, group II = age 
CI2: 5;1-8 years, group III = age CI2: 8;1-13 years.
When speech perception was com pared betw een BiCIs and CI2, bilateral advantages (or 
in this case a unilateral disadvantage of the CI2) w ere only seen in group III after 12 
m onths of bilateral im plant use. After 3 months, these bilateral advantages w ere also 
seen in groups I and II, although with increasing use of the BiCIs they disappeared. 
Unlike the ES, the original statistical results of Kuhn-Inacker e t al.26 (Table 4) showed
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bilateral advantages com pared to the best unilateral condition. Their study group had 
also included children w ith sho rt or no delays betw een implants.
The results of speech perception in noise are shown in Table 5 and Figure 3. Speech 
perception in noise was displayed either as an adaptive SNR th a t indicated a speech 
reception threshold (SRT), or as a percentage correct score calculated a t a fixed SNR. In 
m ost of the studies the speech was presented in front of the child (S0°), w hereas the 
noise was presented from the left (N-90°) or right (N90°), from the back (N180°), from 
the CI1 side (NCI1) or the CI2 side (NCI2). Outcomes varied widely due to this 
heterogeneity in te s t set-ups. No ESs could be calculated in 1 study,17 so these results are 
shown in Table 5 and not in Figure 3. Significant ESs can be seen in Figure 3 w hen the 
noise was presented either from the CI1 side or from the back, while the signal was 
presented either from the CI2 side or from the front. W hen the speech and noise 
coincided in front of the child, significant bilateral advantages w ere found in the children 
who received sim ultaneous im plants and in the children w ith short delays (6-12 
m onths) betw een the 2 im plants until 18-36 m onths of BiCI use, b u t not in children w ith 
long bilateral deafness (>3 years) a n d /o r long delays (>2 years).21
_  , . _  . , simultaneous
Gordon and Papsin214b +/- sh0rt delay
long delay , 
long deaf
Peters et al.23 4b+/- groups
l+ll+lll
group II 1 
group III
Galvin e ta l.14 4b+/- 
G alv in e ta l.154b+/-
- sow
sow
SO" NC11 
SO'NCI 2 
SO’NO’
-1 SO’NC11 
1 S0° NCI2 
1 S0° N0°
' SO’NC11 
SO’ NCI2
SO’NCI 2
---1 SO’NC11
SO’NCI 2
SO’NC11
S0’NCI2 -D-
Wolfe et al.20 4b+/- 
Schaferand Thibodeau18 4b+/- 
Steffens e ta l.194b-
Kuhn-lnackeret al.26 4b- BiCI vs left/right Cl
SO’NC11
S0’N180"
S0’N135'/225’ 
— i * SCI2NCI1
SCMNCI2
<* S135/315'N45/225'
-6 -4 -2 0 2 4 6
Effect Size
F igu re  3 Speech perception  in noise in w hich BiCI is com pared w ith CI1 (black squares 
and triangles) and BiCI is com pared w ith CI2 (white squares and triangles). Squares 
rep re sen t the ESs of our included studies, w hereas triangles rep re sen t the  ESs of the 
studies the NICE included. The size of the squares and triangles depends on the LoE; the 
h igher the LoE, the larger the square or triangle. Bars indicate the 95%  confidence 
interval. The location of the  speech (S) and noise (N) sources are show n after each ES. 
A sterisks indicate th a t an ES is significantly different from  zero. For the study  of Gordon 
and Papsin,21 only the resu lts after 18-36 m onths are  depicted and for Peters e t al.23 the 
resu lts after 12 m onths are  depicted.
Sim ultaneous = no delay, sh o rt delay = 6-12 m onths, long delay = >2 years, long deaf = 
b ilateral deafness >3 years and  delay >2 years, group I = age CI2: 3-5 years, group II = age 
CI2: 5;1-8 years, group III = age CI2: 8;1-13 years.
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In contrast w ith the ESs, the original statistical results in the study by Peters e t al.23 
(Table 5) showed a significant bilateral benefit after 9 m onths of BiCI use. They had used 
the same test set-up as Gordon and Papsin.21
In 3 out of the 4 studies th a t addressed localisation and lateralisation, significant 
bilateral advantages w ere found (Table 6; Figure 4). However, there  was wide variation 
betw een the study m ethods, mainly in the num ber of loudspeakers. No statistical 
com parison could be m ade in 1 study17 betw een the BiCI and UCI children, because the 
UCI children could no t lateralise the sound.
Galvin et al.14 
4b+/-
-m ------ ■ 8LS: 180°
Galvin etal.15 
4b+/-
* 2LS: -90';90'
Steffens et al.19 
4b- — 3LS: -90’, 0°, 90'
Litovsky et al.25 
4a- -15LS: 140'
-6 -4 -2 0 2 4 6
Effect Size
F igu re  4  Localisation in w hich BiCI is com pared w ith CI1 (black squares and  triangles) 
and BiCI is com pared w ith CI2 (w hite squares and  triangles). Squares rep re sen t the ESs of 
our included studies, w hereas triangles rep re sen t the  ESs of the  studies the NICE 
included. The size of the squares and triangles depends on the  LoE; the higher the  LoE, the 
larger the  square or triangle. Bars indicate the 95%  confidence interval. LS rep resen ts the 
num ber of loudspeakers and on w hich angle (or arc) they are  positioned. Asterisks 
indicate th a t an ES is significantly different from  zero.
Two studies incorporated self-reported m easures, b u t neither of them  referred to 
health-related quality of life outcomes (Table 7).14,22 It was not possible to calculate ESs 
from these 2 studies. One study14 used the Speech, Spatial and Quality of hearing scale 
(SSQ), in which the parents had ra ted  their child's ability on its 3 scales. In 8 out of their 
10 subjects, they found increased ratings (i.e. a bilateral advantage) on all the hearing 
scales. The other study22 used the Categories of Auditory Perform ance (CAP) (an 
outcome m easure of auditory receptive abilities) and the W ürzburg questionnaire, w ith 
questions that cover different aspects of hearing, including complex listening situations 
and spatial hearing. Participants w ere stratified into 2 age groups (see Table 3). The CAP 
showed th a t after 3 years of BiCI use, significantly m ore children obtained higher CAP 
scores than before CI2. The W ürzburg questionnaire showed th a t the younger children 
had more positive experiences than the older children at all the m easurem ents. They
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had also reported  fewer negative experiences than the older children, except a t the 
m easurem ent 3 years after bilateral im plantation, in which no significant differences 
w ere found in negative experiences betw een the 2 groups.
Bilateral implants versus bimodal stimulation
Table 8 shows the results of speech perception in quiet for the study comparing children 
w ith BiCIs to children w ith CIHA. No significant bilateral advantage was found.
Speech perception in noise was m easured in 3 studies (Table 9). In 1 study17 it was not 
possible to calculate ESs b u t the authors concluded th a t CI2 led to greater head shadow  
benefit than a contralateral HA. Bilateral disadvantages w ere found with regard to the 
binaural advantage, w hen noise was a t the CI2-side. The other 2 studies18,24 did not find 
any significant bilateral advantage (Table 9, Figure 5).
Sound localisation results are presented in Table 10 and Figure 6. One study25 revealed 
significant bilateral advantages com pared to bimodal stimulation, w hereas another 
study24 did not.
ùcnaTer ana i n i D o a e a u ■— ;— ■—— ■ SO'N1357 225°
4b+/- |
Litovsky et al.24 ■------U*------ -  SO'NO'
4a- i
-------i S0°NCI1
-------' S0°NCI2
-6 -2 0
Effect Size
F igu re  5 Speech perception in noise in w hich BiCI is com pared w ith CIHA. Squares 
rep re sen t the ESs of our included studies, w hereas triangles rep re sen t the ESs of the 
studies the NICE included. The size of the squares and triangles depends on the LoE; the 
h igher the LoE, the larger the square or triangle. Bars indicate the 95%  confidence 
interval. The location of the  speech (S) and noise (N) sources are  show n after each ES.
Discussion
This system atic review  of the clinical effectiveness of BiCIs forms an update of the 
assessm ents by the NICE in 2007.10 We found a further 9 relevant studies and com pared 
them  to the original 4  BiCI studies review ed by the NICE. All of the studies had a fairly
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low type of evidence (strength of 4), w ith either a m edium or high risk of bias. This was 
in accordance w ith the findings of the NICE, which was not surprising, because in our 
scientific field, evidence strength types 1 and 2 are scarce. Owing to the heterogeneity, 
no m eta-analyses w ere carried out. Therefore, the results w ere presented descriptively, 
ye t visualised by forest plots. To compare BiCIs to UCI, we reviewed 9 studies, w ith an 
additional 2 from the NICE. For the BiCIs versus CIHA comparison, we included 2 
studies, w hereas the NICE had included 3. The statistically significant bilateral effects in 
the original study w ere not always confirmed by the ESs. This was probably because the 
ES does no t differentiate betw een paired and independent comparisons, which means 
th a t the ES is m ore conservative. As not all studies specified their original data in the 
text, one should rely on the data analyses originally carried out in the studies, because 
extracting data from figures is no t very precise.
Litovsky et al.25 
4a-
* 15LS: 140"
Litovsky et al.24 
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Effect Size
F igu re  6 Localisation in w hich BiCI is com pared w ith CIHA. Squares rep resen t the ESs of 
our included studies, w hereas triangles rep re sen t the  ESs of the  studies the NICE 
included. The size of the squares and triangles depends on the  LoE; the higher the  LoE, the 
larger the  square or triangle. Bars indicate the 95%  confidence interval. LS rep resen ts the 
num ber of loudspeakers and on which arc they  are  positioned. A sterisks indicate th a t an 
ES is significantly different from  zero.
No robust conclusions could be draw n about the clinical effectiveness of BiCIs from the 
p resen t body of evidence. However, w ithin the LoE it seem ed th a t BiCIs w ere be tte r than 
UCI in certain listening situations, such as the perception of speech in qu ie t and w hen 
the speech and noise w ere spatially separated. The delay betw een CI1 and CI2 only 
seems to be of im portance w ith regard to speech perception in quiet and noise, w hen 
speech and noise coincided. In speech perception in quiet, if the delay is too long, the 
perform ance w ith CI2 will not catch up to CI1 and subsequently, it seems th a t there  will 
be no binaural sum m ation. This also seem ed to be true  w hen the speech and noise 
coincided, bu t not when the speech and noise w ere spatially separated, in which m ost of 
the studies showed bilateral advantages.
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The ESs calculated from the study by Peters e t al.23 did not show any bilateral benefit 
w hen the speech and noise coincided, w hereas Gordon and Papsin21 (using the same test 
set-up) found significant bilateral advantages after 18-36 m onths in their children who 
w ere im planted sim ultaneously and in those w ith short delays betw een CI1 and CI2. 
These discordant results might have been caused by differences in the duration of 
experience w ith the BiCIs betw een the 2 studies. The children in the study by Peters et 
al.23 had a maximum of 9 m onths of bilateral experience, w hereas the children in the 
study by Gordon and Papsin21 had betw een 18 and 30 months. It seems th a t a binaural 
advantage in a situation th a t speech and noise coincide in front of the listener3 takes 
some tim e to develop. In addition, the results indicate th a t only children w ith 
sim ultaneous im plants and those w ith short delays betw een CI1 and CI2 develop these 
advantages. A possible explanation is th a t the beneficial effects of BiCIs occur sooner in 
these children than in those im planted sequentially w ith longer delays betw een CI1 and 
CI2, because the auditory system  in the children im planted sim ultaneously and w ith 
sho rt delays develops m ore parallel on both sides.
Bilateral cochlear im plantation did no t show a clear benefit w ith respect to sound 
localisation. In the study by Litovsky et al.,25 data w ere excluded from the BiCI children 
who obtained MAAs of 60° or higher in the BiCI condition. Thus, some of their BiCI 
children could indeed localise. However, it is doubtful w hether all BiCI children will 
achieve significant localisation scores. Summarising, there  is some degree of spatial 
aw areness although it is no t significantly different from th a t of children w ith bimodal 
stim ulation and it is certainly no t com parable w ith th a t of children w ith norm al 
hearing.2 Nevertheless, after bilateral im plantation, alm ost all of the parents made 
positive reports about their children in the spatial hearing domain of the SSQ.14 As 
m entioned above, some binaural abilities seem to require m ore time to develop. It is 
possible th a t w ith longer follow-up (m ost studies reported  after only 6-12 m onths of 
BiCI use) and larger proportions of participants w ith sim ultaneous implants, the benefit 
of bilateral im plantation will be even greater. In children who are im planted 
sequentially, CI2 has to integrate w ith CI1. At first, CI2 m ight even interfere w ith CI1. 
This is in accordance w ith Scherf e t al.22 Initially, they found larger num ber of negative 
experiences in the older children (>6 years a t CI2) than in the younger children (<6 
years a t CI2), bu t this discrepancy had resolved after 3 years of im plant use. However, 
the num ber of positive experiences in the younger group rem ained significantly higher 
than in the older group. These results indicate th a t in prelingually deaf children who 
receive sequential implants, there  is a certain w indow  in which the addition of CI2 can 
be expected to achieve the g reatest benefit. Another explanation for the difference 
betw een the 2 groups m ight be the late age a t CI1 in the older group com pared to the 
younger group.
There was barely any evidence on which to base our com parison betw een BiCIs and 
CIHA, since only a few studies had m ade this comparison. In addition, patients groups 
w ere very small and heterogeneous. None of the outcomes reported  to dem onstrate
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significant bilateral advantages, w ith the exception of Mok e t al.,17 who found th a t CI2 
m ade a significantly larger contribution to the head shadow  benefit than the 
contralateral HA. However, the head shadow  benefit is not a true bilateral benefit and 
m oreover, they found significant bilateral disadvantages w ith regard to their set-up 
w hen noise was a t the CI2-side. The m ajor problem  in the com parison betw een BiCI and 
CIHA subjects in the studies was th a t they did not match well on bilateral hearing 
experience. True com parison was not possible, because the BiCI children had 
approxim ately 1 year of bilateral experience, w hereas the CIHA children had 
approxim ately 4 years. Besides this difference in experience, the onset of deafness 
probably also differed betw een the groups. Children w ith CIHA are commonly deafened 
progressively, w hereas BiCI children have mostly congenitally deafness. This means th a t 
the CIHA children experienced some degree of hearing in the past, which probably 
include the developm ent of some binaural hearing skills prior to becoming deaf, 
w hereas the BiCI children had not.
No audiological, speech production or educational outcomes could be retrieved from the 
studies. Functional outcomes were limited to localisation and lateralisation, while 
health-related quality of life outcomes only com prised quality of hearing. Presumably, all 
the outcome m easurem ents pertain  to the m ore prim ary beneficial effects of bilateral 
hearing, because bilateral im plantation is a fairly recen t practice. Therefore, the 
evidence on the clinical effectiveness of BiCIs retrieved from the literature only refers to 
the short-term . It seems likely th a t in the long-term, w hen BiCI children have longer 
durations of bilateral experience and m ore data are gathered from children w ith 
sim ultaneous BiCIs, the body of evidence will become larger. Besides the prim ary effects 
described in this system atic review, other issues are also of great im portance, such as 
results on language, education and health-related quality of life. According to the LoE, 
BiCIs seem ed beneficial, bu t there  is still need for further hard evidence.
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Table 3 Study characteristics of the studies included [part 1 of 5).
Study LoE N
Age
(SDor
range)
Sex
i%m) BiCI
Degree of 
deaihess
Age at 
onset of 
deaihess 
(SDor 
range)
Duration
of
deafness
(SDor
range)
AgeatCIl
(SDor
range)
Age at 
CI2/HA 
(SDor 
range)
Bilateral
implant
use
(SDor
range) C O Comment
sim:
6
Sim
severe to 
profound 
(in the 
short 
delay 
group also
1.5 yr 
(0.6)
1.7 yr 
(0.9)
1.7 yr 
(0.9)
- Twelve children within the 
sequential groups used HAs 
in the non-implanted ear 
prior to bilateral 
implantation. Eight of these 
children had PTAs ranging 
from 82 to 98dB HL.
Gordon
and
Papsin21
4b+/-
short
delay:
IS
NA
(longitu­
dinal NR
Seq mostly
cong
1.5 yr 
(0.7)
2.2 yr 
(3.0)
3.1 yr 
(3.1)
6,12,18, 
24 and 36 
mo
BiCI vs 
UCI 2a/2b
- Some children in the short 
delay group had hearing 
experiences in the past
long
delay:
30
study)
Seq
children
with
moderate- 
severe HL)
1.6 yr 
(0.6)
1.6 yr 
(0.6)
5.8 yr 
(2.0)
- Results of different tests 
were used in the same 
analyses.
long 
deaf- 
long 
delay: 
7
Seq 4.7 yr 
(1.3)
4.7 yr 
(1.3)
10.7 yr 
(1.3)
- Results on 6/12 months 
and 18/36 months of 
bilateral implant use were 
presumably averaged.
Galvin et 
al.14 4b+/- 11
9.0 yr 
(2.8)
NR Seq
PTA&90 
dB SPL
cong
(except 2)
1.8 yr 
(1.0)
2.1yr
(0.8)
8.3 yr 
(2.8)
0.6 yr 
(0.2)
BiCI vs 
UCI
2b/4a/5 Small group, but 
homogeneous.
Galvin et 
al.15 4b+/- 9
3.3 yr 
(1.8-6.0)
NR Seq
108 dB 
SPL
(range: 75- 
115)
cong 1.1 yr 
(0.4)
1.1 yr 
(0.4)
2.5 yr 
(1.1-3.9)
0.7 yr 
(0.4-2.0)
BiCI vs 
UCI
2b/4b
3/9 subjects did not 
cooperate sufficiently in the 
speech perception task to 
complete testing.
Table 3 (continued) (part 2 of 5)
Study LoE N
Age
(SDor
range)
Sex
(%m) BiCI
Degree of 
deafness
Age at 
onset of 
deafness 
(SDor 
range)
Duration
of
deafness
(SDor
range)
Age at Cl 1 
(SD or 
range)
Age at 
Q2/HA 
(SD or 
range)
Bilateral
implant
use
(SDor
range) C O Comment
Wolfe et 
al.20 4b+/- 12 NR NR Seq NR
cong
(except 2)
1.4 yr 
(0.6)
1.5 yr 
(0.7)
4.3 yr 
(2.4) NR
BiCI vs 
UCI 2b
- Subjects were divided into 
2 groups: CI2 < 4 yr (n=8); 
CI2 > 4 yr (n=4).
- The results of different 
tests were combined.
- One child was perilingually 
deafened.
Schafer 
and Thibo­
deau18
4b+/-
CIHA:
12
6.7 yr 
(2.3) 20% NA
NR NR NR
3.0 yr 
(1.3)
1.3 yr 
(1.2)
5.4 yr 
(2.4)
BiCI vs 
CIHA
2b
- Wide range in receiving the 
CIs.
- The bimodal group had 
more experience with 
binaural stimulation than 
the bilateral group.
- Four bilateral subjects used 
mixed coding strategies.
- HAs were all different in 
type.
- Wide range in receiving the 
CIs.
BiCI:
10
6.9 yr 
(3.1)
25% Seq 2.6 yr 
(1.4)
5.9 yr 
(3.0)
1.0 yr 
(0.5)
BiCI vs 
UCI
Steffens et 
al.19 4b- 20
7.0 yr 
(1.6)
NR Seq NR 0.4 yr 
(0.0-5.2)
1.6 yr 
(0.2-3.0)
2.0 yr 
(1.1)
5.6 yr 
(1.5)
1.4 yr 
(1.0)
BiCI vs 
UCI
2b/4a
- Inter-centre variability
- Bilateral implant use varied 
among subjects.
- One child was postlingually 
deaf and was implanted 
with a double array.
- Heterogeneous group.
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Table 3 (continued) (part 3 of 5)
Study LoE N
Age 
(SD or 
range)
Sex
(%m) BiCI
Degree of 
deafness
Age at 
onset of 
deafness 
(SD or 
range)
Duration
of
deafness 
(SD or 
range)
Age atCIl 
(SD or 
range)
Age at 
CI2/HA 
(SD or 
range)
Bilateral 
implant 
use 
(SD or 
range) C O Comment
Mok et
4b-
CIHA:
9
12.1 yr 
(9.1-14.9)
NR
NA
NR
Cong 
(1 child 
postling)
NR
6.8 yr 
(3.9-11.0)
1.0 yr 
(0.3-1.8)
5.2 yr 
(2.8-8.2)
BiCI vs 
CIHA
2b
- Speech detection was 
measured.
al.17
BiCI:
4
10.2 yr 
(7.2-12.8) Seq Cong
1.9 yr 
(1.5-2.6)
8.9 yr 
(5.8-11.3) >12mo
BiCI vs 
UCI
- Small group.
Grieco- 
Calub et 
al.16
BiCI:
10
2.5 yr 
(0.3) 88% Seq
1.2 yr 
(0.5)
1.8 yr 
(0.5)
0.8 yr 
(0.4)
- Conflict of interest was 
declared.
4a-
UCI:
8
2.7 yr 
(0.3) 70% NA
NR Prel NR
1.3 yr 
(0.4) NA
1.5 yr 
(0.6)
BiCI vs 
UCI 4b
- Outcome measures of 
unilateral control group 
could not be calculated and 
therefore, data could not be 
compared.
Scherf et
4b-
<6 yr: 
18
NA
(longitu­
44% Seq
Profound
0.3 yr 
(0.6)
1.2 yr 
(0.8)
1.5 yr 
(1.1)
3.5 yr 
(1.4) 3, 6,12, 
18, 24, 36 
mo
BiCI vs
5
- Inter-centre variability
al.22 >6 yr: 
17
dinal
study) 53% Seq
0.6 yr 
(1.7)
3.6 yr 
(2.2)
4.2 yr 
(2.1)
8.9 yr 
(2.0)
CI1 - Different implants between 
and within subjects.
I:
7 3-5 yr 3-5 yr
- We were not able to extract 
all subject characteristics 
from the paper.
Peters et 
al.23¥ 4b+/-
II:
10
5;l-8 yr NR Seq NR NR NR <5 yr 5;l-8 yr 3, 6, 9/12 
mo
BiCI vs 
UCI
2a/2b
- The study was sponsored 
by Cochlear Americas.
III:
13 8;1-13 yr 8;1-13 yr
- Stratification led to small 
groups.
- Multicenter study
Table 3 (continued) (part 4 of 5)
Study LoE N
Age 
(SD or 
range)
Sex
(%m) BiCI
Degree of 
deafness
Age at 
onset of 
deafness 
(SD or 
range)
Duration
of
deafness 
(SD or 
range)
AgeatCIl 
(SD or 
range)
Age at 
Q2/HA 
(SD or 
range)
Bilateral 
implant 
use 
(SD or 
range) C O Comment
Litovsky et 
al.25¥ 4a/4b-
BiCI:
13
8.4 yr 
(3.2) 46% Seq NR
1.7 yr 
(3.5)
2.9 yr 
(1.7)
4.6 yr 
(3.3)
6.8 yr 
(2.9)
0.6 yr 
(0.4)
BiCI vs 
CIHA
BiCI vs 
CI1
BiCI vs 
CI2
4a
- We were not able to extract 
all details with regard to the 
methods used.
- Heterogeneous group: the 
selection criteria were 
unclear.
- Data on prelingually and 
postlingually deaf children 
were combined.
- Unable to complete testing 
is noted as 90°.
- Partly sponsored by 
Cochlear Americas.
CIHA:
6
8.7 yr 
(3.3)
50% NA NR 0.3 yr 
(0.7)
5.3 yr 
(2.3)
5.6 yr 
(2.3)
1.6 yr 
(0.7)
3.5 yr 
(1.6)
Kiihn- 
Inacker et 
al.26¥
4b- 18
range: 2.9- 
9.0 yr NR Mixed NR NR NR
range: 
2.0-6.9 yr
range:
2.1-8.0yr
1.2 yr 
(0.6)
BiCI vs 
left Cl
BiCI vs 
right Cl
BiCI vs 
CI1
2a/2b
- Heterogeneous groups 
(especially age and age at 
implants).
- Unclear why only a part of 
the group perform the tests.
- We were not able to extract 
all details with regard to the 
methods and the inclusion 
criteria used.
- Conflict of interest (main 
author is currently 
employed at study 
sponsor).
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Table 3 (continued) (part 5 of 5)
Study LoE N
Age 
(SD or 
range)
Sex
(%m) BiCI
Degree of 
deafness
Age at 
onset of 
deafness 
(SD or 
range)
Duration
of
deafness 
(SD or 
range)
AgeatCIl 
(SD or 
range)
Age at 
Q2/HA 
(SD or 
range)
Bilateral 
implant 
use 
(SD or 
range) C O Comment
Litovsky et 
al.24¥ 4a-
BiCI:
10
7.4 yr 
(3.2) 30% Seq
NR NR NR
3.1 yr 
(2.0)
6.3 yr 
(3.0)
1.1 yr 
(0.8)
BiCI vs 
CIHA
2a/2b/
4a
- We were not able to extract 
all details with regard to the 
methods used.
- Heterogeneous group: the 
selection criteria were 
unclear.
- Data on prelingually and 
postlingually deaf children 
were combined.
- Partly sponsored by 
Cochlear Americas.
CIHA:
10
9.0 yr 
(2.7) 70% NA
4.7 yr 
(3.1) NR
4.5 yr 
(2.8)
BiCI indicates bilateral cochlear implants; C, comparison; Cl, cochlear implant; CI1, first cochlear implant; CI2, second cochlear implant; CIHA, bimodal stimulation; cong, 
congenital; HA, hearing aid; HL, hearing level; LoE, Level of Evidence; N, number of subjects participated in the study; NA, not applicable; NR, not reported; 0, outcome; Postling, 
postlingual; Prel, prelingual; PTA, pure tone average; SD, standard deviation; Seq, sequential; Sim, simultaneous; UCI, unilateral cochlear implant
Outcome measures: 1 = audiological, 2a = speech perception in quiet, 2b = speech perception in noise, 3 = speech production, 4a = functional: localisation, 4b = functional: 
latéralisation, 5 = self-reported measure, 6 = educational.
¥also included by NICE.
Table 4  Speech perception in quiet outcomes [BiCI vs UCI) part 1 of 3).
Study Measures Condition MD ÇCI951 ES (CI95)
Sign
ES
Sign
o.s. Comment
open settests:
GASP, MLNT, LNT, PBK 
word test
Gordon and 
Papsin21
BiCI vs CIl[sim: 
right) 6-12mo
simultaneous 
£short delay 
£long delay
£long deaf-long 
delay
5.2
5.2 
0.0
(-32.6 to 43.0) 
(-10.2 to 20.6) 
(-7.5 to 7.5)
0.2
0.2
0.0
(-1.0 to 1.3) 
(-0.5 to 1.0) 
(-0.5 to 0.5)
4.1 (-13.4 to 21.6) 0.3 (-0.8 to 1.3)
in some cases closed set 
tests:
BiCI vs CI2 
(sim: left) 6- 
12mo
ESP monosyllabic words 
test, WIPI test
BiCI vs CI1 
(sim: right) 18- 
36mo
(% correct performance)
BiCI vs CI2 
(sim: left) 18- 
36mo
simultaneous 
£short delay 
£long delay
£long deaf-long 
delay
Simultaneous 
£short delay 
£long delay
£long deaf-long 
delay
Simultaneous 
£short delay 
£long delay
£long deaf-long 
delay
0.4
4.2
27.0
(-37.4 to 38.2) 
(-10.1 to 18.5) 
(17.7 to 36.3)
39.6 (15.1 to 64.1)
22.8
18.6
10.4
(2.2 to 43.4) 
(2.7 to 34.5) 
(-1.3 to 22.1)
32.1 (17.2 to 47.0)
22.8
15.5
32.1
(6.2 to 39.4) 
(-0.4 to 31.4) 
(17.2 to 47.0)
0.0
0.2
1.5
1.3
0.9
0.5
1.6
0.7
1.1
39.3 (-12.1 to 90.7)
(-1.1 to 1.1) 
(-0.5 to 0.9) 
(0.9 to 2.0)
1.8 (0.5 to 3.0)
(0.1 to 2.6) 
(0.1 to 1.6) 
(-0.1 to 1.0)
-0.1 (-1.1 to 1.0)
(0.3 to 2.9) 
(0.0 to 1.4) 
(0.5 to 1.6)
0.8 (-0.3 to 1.9)
- Duration of BiCI use had no 
significant effect on the score in 
any of the conditions (F[l, 83-85] 
< 1.4, p > 0.05).
- There was a significant difference 
in the proportion of children that 
showed a BiCI advantage (sl% ) 
between groups (^3  > 9.4, p < 
0.05). An BiCI advantage was 
defined as an advantage of ¿1% 
compared to the unilateral 
condition. The shorter the 
interimplant delay, the more often 
a BiCI advantage was seen.
- No statistical comparison was 
made between BiCIs and either CI1 
or CI2 for the separate groups.
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Table 4  (continued) (part 2 of 3)
Study Measures Condition MD (Q95] ES (CI95]
Sign
ES
Sign
Comment
Peters et 
al.23¥
MLNT words 
(Group I)
LNT words 
(Groups II and III)
HINT-C sentences 
(Group III)
(% correct performance)
Group I 
(12mo)
Group II 
(12mo)
Group III 
(12mo)
Group III 
(12mo: HINT-C) 
Group I 
(3 mo)
Group I 
(6 mo)
Group I 
(12 mo)
Group II 
(3 mo)
Group II 
(6 mo)
Group II 
(12 mo)
Group III 
(6 mo)
Group III 
(6 mo: HINT-C) 
Group III 
(12 mo)
Group III 
(12mo: HINT-C)
BICI vs UCIpre 
BiCI vs UCIpre 
BiCI vs UCIpre 
BiCI vs UCIpre 
BiCI vs CI1 
BiCI vs CI1 
BiCI vs CI1 
BiCI vs CI1 
BiCI vs CI1 
BiCI vs CI1 
BiCI vs CI1 
BiCI vs CI1 
BiCI vs CI1 
BiCI vs CI1
22.7
7.0
13.5
8.0 
1.2 
4.1 
7.8 
- 1.0
2.5
13.0 
0.6
4.7
5.5
5.0
(-1.2 to 46.6) 
(-11.3 to 25.3) 
(4.5 to 22.5) 
(-0.3 to 16.3) 
(-11.7 to 14.1) 
(-16.9 to 25.1) 
(-9.2 to 24.8) 
(-17.4 to 15.4) 
(-12.0 to 17.0) 
(-8.1 to 34.1) 
(-11.6 to 12.8) 
(-2.5 to 11.9) 
(-1.3 to 12.3) 
(-2.2 to 12.2)
1.0
0.4
1.2
0.8
0.1
0.2
0.5
- 0.1
0.2
0.6
0.0
0.5
0.7
0.6
(-0.1 to 2.1) 
(-0.6 to 1.3) 
(0.3 to 2.0) 
(0.0 to 1.6) 
(-1.0 to 1.2) 
(-0.8 to 1.3) 
(-0.6 to 1.6) 
(-1.2 to 1.1) 
(-0.8 to 1.3) 
(-0.4 to 1.6) 
(-0.7 to 0.8) 
(-0.3 to 1.3) 
(-0.2 to 1.5) 
(-0.3 to 1.4)
No comparison was made between 
the BiCI score after 12 months and 
the performance of the CI1 
preoperative.
The BiCI conditions did not differ 
significantly from either the CI1 or 
the CI2 after 12 months (p = 0.029, 
critical level 0.025§).
Mean LNT scores for BiCI use were 
not significantly better than CI1 at 
any time point
HINT-C: the mean CI1 score was 
89% versus 94% (mean BiCI 
score) at 12 mo (t = 0.8, p = 0.43, 
critical level 0.05§).
§P-values less than the critical level 
indicate a significant difference.
Table 4  (continued) (part 3 of 3)
Sign Sign
Study Measures Condition MD (0 9 5 ) ES (CI95) ES O.S. Comment
Group I 
(3 mo)
BiCI vs CI2 34.1 (10.4 to 57.8) 1.7 (0.4 to 3.0) * -
- The BiCI conditions did not differ 
significantly from either the CI1 or
MLNT words 
(Group I)
Group I 
(6 mo)
BiCI vs CI2 18.8 (-1.6 to 39.2) 1.0 (-0.1 to 2.1) - - the CI2 after 12 months (p = 0.017, 
critical level = 0.017§). Significant
Group I 
(12 mo)
BiCI vs CI2 0.6 (-14.9 to 16.1) 0.0 (-1.0 to 1.1) - - increase in mean MLNT 
performance of CI2 over 12 months
Peters et 
al 23¥
LNT words 
(Groups II and III)
Group II 
(3 mo) 
Group II 
(6 mo)
BiCI vs CI2 
BiCI vs CI2
39.0
22.5
(17.8 to 60.2) 
(3.1 to 41.9)
2.2
1.1
(0.8 to 3.6) 
(0.1 to 2.1)
*
*
period [p < 0.0001, critical level 
0.017§).
(continued) Group II 
(12 mo)
BiCI vs CI2 21.5 (1.0 to 42.0) 1.1 (0.0 to 2.1) - - Significant increase in mean LNT 
performance of CI2 over period 0-6
Group III 
(6 mo)
BiCI vs CI2 54.5 (37.5 to 71.5) 2.5 (1.5 to 3.5) * months (p < 0.0001, critical level 
0.05§). No significant increase in
HINT-C sentences 
(Group III)
Group III 
(6 mo: HINT-C)
BiCI vs CI2 4.7 (0.2 to 9.2) 0.8 (0.0 to 1.6) - mean LNT performance of CI2 over 
period 6-12 months (p = 0.12,
Group III 
(12 mo)
BiCI vs CI2 54.5 (41.0 to 68.0) 3.3 (2.1 to 4.5) * critical level 0.05§).
(% correct performance) Group III 
(12mo: HINT-C)
BiCI vs CI2 50.0 (28.8 to 71.2) 1.9 (1.0 to 2.9) *
§P-vaIues less than the critical level 
indicate a significant difference.
Kuhn- 
Inacker et 
al.26¥
Speech discrimination in 
quiet (Mainzer list)
BiCI vs left Cl 16.0 (-3.7 to 35.7) 0.5 (-0.1 to 1.2) - *
Significant bilateral advantage 
compared to best unilateral
(word discrimination 
score - %)
BiCI vs right Cl 14.0 (-4.0 to 32.0) 0.5 (-0.1 to 1.2) - * condition (p < 0.05).
BiCI indicates bilateral cochlear implants; Cl, cochlear implant; CI1, first cochlear implant; CI2, second cochlear implant; CI95, 95% confidence interval; ES, effect size; ESP, 
Early Speech Perception; GASP test, Glendonald Auditory Screening Procedure test; HINT-C, Hearing In Noise Test for Children; LNT, Lexical Neighbourhood Test; MD, mean 
difference; MLNT, Multsyllabic Lexical Neighbourhood Test; PBK test; Phonetically Balanced Kindergarten test; Sign ES, signficance of effect size; sign o.s., statistical analyses 
of the original study; UCIpre, unilateral condition tested preoperatively; WIPI test, Word Inventory by Picture Index test
Group I, age CI2: 3-5 years; Group II, age CI2:5;l-8 years; Group III, age CI2: 8;1-13 years.
Simultaneous indicates no delay; short delay, 6-12 months; long delay, >2 years; long deaf-long delay, bilateral deafness >3 years and delay >2 years.
¥also included by NICE; *a significant effect; -no significant effect; fno statistical group comparison was carried out in the original study.
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Table 5 Speech perception in noise outcomes (BiCI vs UCIj (part 1 of 4)
Study Measures Condition MD (Q95] ES (CI95)
Sign
ES
Sign
O.S. Comment
Gordon and 
Papsin21
S0°N0°
fixed +10dB SNR 
open set tests:
BiCI vs CI1 
(sim: right) 
6-12mo postop
£simultaneous 
£short delay
£long delay
£long deaf-long 
delay
21.9 (-10.4 to 54.2) 
6.3 (-14.4 to 27.0) 
12.5 (-0.3 to 25.3) 
10.4 (-5.1 to 25.9)
0.8 (-0.4 to 2.0) 
0.4 (-0.8 to 1.5) 
0.7 (0.0 to 1.4) 
0.5 (-0.2 to 1.2)
-
- Across test times, all children 
showed a significant BiCI 
advantage, except for the long deaf- 
long delay group.
- No significant differences were 
found between the degree of BiCI 
advantage in noise across the 
groups (F[3, 88] = 2.6, p > 0.05).
- No significant differences were 
found between the degree of 
bilateral advantage in noise across 
the groups (F[3,88] = 2.6, p > 
0.05). Duration of BiCI use had no 
significant effect on the scores in 
any of the conditions (F[l, 83-85]
< 1.4, p > 0.05).
- No statistical comparison was 
made between BiCIs and either CI1 
or CI2 for the separate groups.
GASP, MLNT, LNT, PBK 
word test
some children were tested
BiCI vs CI1 
(sim: right) 
18-36mo 
postop
Simultaneous 
S hort delay
£long delay
£long deaf-long 
delay
30.0 (24.1 to 35.9) 
20.2 (5.6 to 34.8) 
17.6 (-8.8 to 44.0) 
-2.1 (-31.8 to 27.6)
2.6 (1.9 to 3.3) 
0.7 (0.2 to 1.2) 
0.7 (-0.4 to 1.8) 
-0.1 (-1.1 to 1.0)
*
*with closed set tests:
ESP monosyllabic words 
test, WIPI test
(% correct performance)
Galvin et 
al.14
AdSpon 
(adaptive SNR)
S0°NCI2 BiCIvsCIl 0.0 (-3.2 to 3.2) 0.0 (-1.0 to 1.0)* - -
- No significant differences were 
found between CI1 and BiCI when 
noise was presented contralateral 
to CI1 (t[7] = 0.3, p = 0.74).
- A significant lower SNR was found 
in the BiCI condition compared to 
the CI1 (t[9] = 5.2, p < 0.001).
S0°NCI1 BiCIvsCIl -3.0 (-5.8 to -0.2) 1.0 (0.0 to 1.9)* - *
Speech detection (/baba/)
S0°NCI2 BiCIvsCIl -0.3 (-3.2 to 2.6) 0.1 (-1.0 to 1.3)* - t In 5 out of the 6 children a
Galvin et S0°NCI1 BiCIvsCIl -3.9 (-6.4 to -1.4) 1.9 (0.5 to 3.2)* * t significant BiCI advantage was
al.15
(adaptive SNR)
S0°NCI2 BiCI vs CI2 -9.2 (-12.3 to -6.1) 3.7 (1.7 to 5.6)* * t found when noise was presented at
S0°NCI1 BiCI vs CI2 -0.2 (-2.4 to 2.0) 0.1 (-1.0 to 1.2)* - t the CI2-sida
Table 5 (continued) (part 2 of 4)
Study M easures Condition MD (CI95) ES (CI95)
Sign
ES
Sign
O.S. Comment
Wolfe et 
al.20
Spondee version of the 
CID ESP test
(adaptive SNR)
S0°N180°
BiCIvsCIl -6.0 (-8.8 to -3.2) 1.8 (0.8 to 2.7)t * *
Speech recognition in noise was 
significantly better in the bilateral 
condition as compared to the 
performance when using only the 
CI1 (p < 0.001).
BiCI vs CI2 -9.6 (-13.5 to -5.7) 2.0 (1.0 to 3.0) * * t
Schafer and 
Thibodeau18
Speech: like the BKB-SIN 
test Noise: multi­
classroom noise 
(adaptive SNR)
S0°N135°/225° BiCIvsCIl -2.0 (-5.8 to 1.8) 0.5 (-0.4 to 1.4)i - -
There was no significant difference 
between the unilateral and 
bilateral/bimodal condition (F[l, 
20] = 2.0, p = 0.18).
Steffens et 
al.19
Modified version for 
speech in noise of the 
OLKI test, using the ICRA 
1 (unmodulated speech- 
stimulating noise), which 
uses bisyllabic word 
materials.
(fixed SNR at 70% correct 
score achieved in the BiCI 
condition)
SCI2NCI1 BiCIvsCIl 29.0 (16.8 to 41.2) 1.6 (0.8 to 2.3) * *
- All subjects scored significantly 
above chance level for the 
Binaural 1 condition.
- All but 1 subject (S8) scored 
significantly better in either 
binaural condition in comparison 
with the monaural score of the CU.SCUNCI2 BiCI vs CI2 47.0 (37.6 to 56.4) 3.3 (2.3 to 4.3)
* t
U1
U 1
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Table 5 (continued) (part 3 of 4)
Sign Sign
Study Measures Condition MD ÎCI95] ES (CI95] ES O.S. Comment
- A significant binaural advantage
Speech detection (/baba/] 
in 3 device conditions 
(CU, CI2, BiCI] in 3 noise 
conditions.
binaural
advantage
BiCI vs CI1 
(S0°N0°, 
S0°N90°, 
S0°N90°]
NA NA NA *
was only found when speech and 
noise were spatially separated (p < 
0.05]. When noise was on the side 
of the CI2, the group demonstrated 
a bilateral disadvantage (U = 2664, 
p = 0.014].
M oketal.17 head shadow 
effect
NA NA NA * - Significant head shadow effect for 
both conditions fp < 0.05].
- Spatial unmasking was
demonstrated when noise was
spatial
unmasking
shifted to the side of CI2 (p <
(adaptive SNR) NA NA NA * 0.001], but not when noise was 
shifted to the side of the CI1. 
Better results for BiCI with CI1 as 
active than with CI2 (p < 0.001].
Groups I+II+III: - In contradiction to the ES
S0°N0° [3 mo] BiCI vs CI1 1.1 (-9.8 to 12.0] 0.1 (-0.6 to 0.7] - t calculated, BiCI CRISP scores at 9
CRISP test months were significantly better
Peters et 
al.Z3¥
S0°N0° (9 mo] BiCI vs CI1 7.0 (-3.4 to 17.4] 0.4 (-0.2 to 1.0] - * than CI1 alone for noise front (p = 
0.018, critical level 0.05§].
S0°NCI1 [3 mo] BiCI vs CI1 1.2 (-15.3 to 17.7] 0.1 (-0.7 to 0.8] - - - In accordance with the ES
(fixed SNRs set fo r  each 
subject individually, to 
avoid ceiling effects)
S0°NCU (9 mo] BiCI vs CI1 12.9 (1.3 to 24.5] 0.6 (0.1 to 1.2] * *
calculated, BiCI CRISP scores at 9 
months were significantly better 
than CI1 alone for noise at the CI1- 
side (p < 0.0001, critical level 
0.05§].
- In contradiction to the ES
S0°NCI2 (3 mo] BiCI vs CI1 -0.1 (-15.3 to 17.7] 0.0 (-0.7 to 0.6] t calculated, BiCI CRISP scores at 9 
months were significantly better 
than CU alone for noise at the CI2-
S0°NCI2 (9 mo] BiCI vs CI1 5.9 (-2.4 to 14.2] 0.4 (-0.2 to 1.0] - * side (p = 0.018, critical level 
0.05§],
Table 5 [continued] (part 4 of 4]
Sign Sign
Study Measures Condition MD (Q95) ES (CI95) ES o.s. Comment
- No significant difference for mean
CRISP test Group II: CRISP scores between BiCIs and
CI1 at 9 months.
S0°N0° (9 mo) BiCI vs CI1 -1.8 (-23.9 to 20.3) -0.1 (-1.1 to 1.0) - - - In contradiction to the ES 
calculated, mean BiCI CRISP scores
S0°NCI1 (9 mo) BiCI vs CI1 10.6 (-12.7 to 33.9) 0.5 (-0.6 to 1.6) " " at 9 months were significantly 
better than CI1 alone with noise at
S0°NCI2 (9 mo) BiCI vs CI1 6.5 (-9.8 to 22.8) 0.4 (-0.6 to 1.5) - - front (p = 0.001, critical level 
0.05§).
Groun III: - In contradiction to the ES
calculated, mean BiCI CRISP scores
S0°N0° (9 mo) BiCI vs CI1 13.6 (-0.1 to 27.3) 0.8 (0.0 to 1.6) " * at 9 months were significantly 
better than CI1 alone with noise at
[fixed SNRs set fo r  each S0°NCI1 (9 mo] BiCI vs CI1 15.0 (-2.4 to 32.4) 0.7 (-0.1 to 1.5) - * the Cll-side (p = 0.001, critical
subject individually, to 
avoid ceiling effects) S0°NCI2 (9 mo) BiCI vs CI1 5.3 (-5.7 to 16.3) 0.4 (-0.4 to 1.2) - t
level 0.05§).
§P-vaIues less than the critical level 
indicate a significant difference.
Kiihn- 
Inacker et 
al.26¥
Speech discrimination in 
noise (Gottinger or 
Mainzer list)
(fixed SNR at+15dB)
S135/315°N45/
225°
BiCI vs UCI 
left/right 18.0 (6.2 to 29.9) 1.0 (0.3 to 1.7)
* *
Significant bilateral advantage 
compared to unilateral condition 
(p < 0.001).
AdSPON test indicates Adaptive Spondee Discrimination test; BiCI, bilateral cochlear implants; BKB-SIN, Bamford-Kowel-Bench Speech-In-Noise test; Cl, cochlear implant; 
CI1, first cochlear implant; CI2, second cochlear implant; CI95, 95% confidence interval; CID, Central Institute for Deaf; CRISP test, Children's Realistic Intelligibility and 
Speech Perception test; ES, effect size; ESP, Early Speech Perception; GASP test, Glendonald Auditory Screening Procedure test; ICRA, unmodulated speech-stimulating noise; 
LNT, Lexical Neighbourhood Test; MD, mean difference; MLNT, Multisyllabic Lexical Neighbourhood Test; N, noise; NA, not applicable; OLKI test, Oldenburger Rinder Reim 
test; Postop, postoperative; PBKtest, Phonetically Balanced Kindergarten test; S, signal; Sign ES, significance of effect size; Sign o.s., statistical analyses of the original study; 
SNR, signal-to-noise ratio; UCI, unilateral cochlear implant; WIPI test; Word Inventory by Picture Index test 
Group I, age CI2: 3-5 years; Group II, age CI2: 5;l-8 years; Group III, age CI2: 8;1-13 years.
Simultaneous indicates no delay; short delay, 6-12 months; long delay, >2 years; long deaf-long delay, bilateral deafness >3 years and delay >2 years.
¥also included by NICE; *a significant effect; -no significant effect; fno statistical group comparison was carried out in the original study; ^effect size was multiplied by -1 to 
make the different studies comparable.
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Table 6 Localisation (BiCI vs UCI)
Study Measures Condition MD (CI951 ES (CI951
Sign
ES
Sign
o.s. Comment
Galvin et 
al.14
Localisation with 8 
loudspeakers 25.7° apart 
Stimuli: 4-pink noise 
bursts (170 ms]
arc = 180° BiCI vs CI1 -2.0 (-18.1 to 14.1] 0.1 (-0.9 to l . l ] i - - No bilateral advantage was found.
Galvin et 
al.15 Latéralisation with VRA -90;90° BiCI vs CI1 33.5 (18.0 to 49.0] 2.1 (0.9 to 3.3]
* t
- 9/10 children performed better 
than chance in the BiCI condition.
- In the UCI condition, none of the 
children performed above chance.
Steffens et 
al.19
Localisation with 3 
loudspeakers
Stimulus: white noise
-90, 0, 90°
BiCI vs CI1 17.0 (4.5 to 29.5] 0.9 (0.2 to 1.6] * *
A mean binaural advantage of 18% 
versus the CI1 alone and of 25% 
versus the CI2 alone was found 
(BiCI vs CI1: p = 0.009; BiCI vs CI2: 
p = 0.001],
BiCI vs CI2 24.0 (12.5 to 35.5] 1.4 (0.7 to 2.1] * *
Grieco- 
Calub et al.16
Localisation acuity with 
MAAs computed at a 
performance level of 80% 
correct
Stimuli: spondaic words
arc = 140°; large 
angle = 10°; 
small angle = 
2.5°
NA NA NA NA NA
- None of the toddlers with UCIs 
scored 80% or greater at any angle. 
Therefore, their MAAs could not be 
calculated and were not reported.
- BiCLfixed: mean (SD] = 25.6(15]° 
(n=5]; BiCI_roved: mean(SD] = 
26.3(20.9]° (n=4].
Litovsky et 
al.2S¥
Localisation
(15 loudspeakers, MAA]
BiCI vs CI1 -22.4 (-36.3 to -8.4] 1.5 (0.5 to 2.6]t * *
- Children with MAAs 560° in the 
BiCI condition were excluded.
- Unable to complete testing is noted 
as MAA of 90° error.
- Stratification: < 13mo £ of BiCI 
experience.
- Significant BiCI advantage (p < 
0.05].
BiCI vs CI2 -39.4 (-62.0 to -16.7] 2.0 (0.7 to 3.3]t * *
BiCI indicates bilateral cochlear implants; BiCI_fixed, stimuli with a fixed amplitude; BiCI_roved, stimuli with a roved amplitude; CI1, first cochlear implant; CI2, second 
cochlear implant; CI95, 95% confidence interval; ES, effect size; MAA, minimal audible angle; MD, mean difference; NA, not applicable; Sign ES, significance of effect size; Sign 
o.s., statistical analyses of the original study; UCI, unilateral cochlear implant; VRA, visual reinforcement audiometry.
¥also included by NICE; *a significant effect; -no significant effect; tn o  statistical group comparison was carried out in the original study; ^effect size was multiplied by -1 to 
make the different studies comparable.
Table 7 Self-reported measures (BiCI vs UCII
Study M easures Condition MD (0 9 5 ] ES (CI95]
Sign
ES
Sign
O.S. Comment
Galvin et 
al.14
SSQ speech
BiCI vs CI1 (preop]
1.9 (±SE: 0.4]
NA NA NA
- Eight out of the 10 subjects showed 
an increase in rating for all hearing 
domains.
- Two items were not included in the 
analyses (2 and 9] because 
bilateral sound input was not 
expected to improve performance 
in these situations.
SSQ spatial 2.4 (±SE: 0.5]
SSQ quality of hearing 1.5 (±SE: 0.4]
Scherf et 
al.22
CAP
BiCIvsCIl
(preop]
12,18, 24, 
36mo postop NA NA NA
*
- A significant increase of the total 
number of children that obtained 
higher CAP scores after 3 years of 
BiCI use was found (p = 0.034].
- Differences between age groups 
could not be determined as the 
sample sizes were too small.
Würzburg questionnaire 
(part A: positive 
experiences, part B: 
negative experiences]
3, 6,12, 18, 24, 
36mo postop NA NA NA t
- Part A: Only at the last test interval 
the younger children obtained a 
statistically significantly higher 
median result than the older 
children (p = 0.043].
- Part B: The mean results obtained 
by the younger children were 
always lower than those obtained 
by the older children, but the 
difference was only significant at 3, 
12 and 24 months postop (0.015 < 
p > 0.033],
BiCI indicates bilateral cochlear implants; CAP, Categories of Auditory Performance; CI1, first cochlear implant; CI95,95% confidence interval; ES, effect size; MD, mean 
difference; NA, not applicable; Postop, postoperative; SE, standard error; Sign ES, significance of effect size; Sign o.s., statistical analyses of the original study; SSQ, Speech, 
Spatial and Quality of Hearing scale.
*a significant effect; fno statistical group comparison was carried out in the original study.
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Table 8 Speech perception in quiet outcomes [BiCI vs CIHA~
Study M easures Condition MD (Q 95] ES (CI95]
Sign
ES
Sign
o.s. Comment
Litovsky et 
al.24¥ CRISP test SRT BiCI vs CIHA -5.8 (-14.0 to 2.3]
0.6 (-0.3 to 1.5]+ - -
The advantage of listening with 2 
ears was significantly greater in the 
BiCI group in comparison with the 
CIHA group.
BiCI indicates bilateral cochlear implants; CI95,95% confidence interval; CIHA, bimodal stimulation; CRISP test Children's Realistic Intelligibility and Speech Perception test; 
ES, effect size; MD, mean difference; Sign ES, significance of effect size; Sign o.s., statistical analyses of the original study; SRT, speech reception threshold.
¥also included by NICE; -no significant effect; ^effect size was multiplied by -1 to make the different studies comparable.
Table 9 Speech perception in noise outcomes ÇBiCI vs CIHA~)
Study Measures Condition MD (CI95] ES (CI95]
Sign
ES
Sign
O.S. Comment
Schafer and 
Thibodeau18
Speech: like the BKB-SIN 
test
Noise: multi-classroom 
noise
(adaptive SNR)
S0°N135°/225° BiCI vs CIHA -2.0 (-5.7 to 1.7] 0.5 (-0.4 to 1.3]* - -
There was no significant difference 
between the UCI and BiCI/bimodal 
condition (F[l, 20] = 2.0, p =  0.18].
M oketal.17
Speech detection (/babaf)  
in 3 device conditions (Cl, 
HA, CIHA], in 3 noise 
conditions.
(adaptive SNR)
binaural
advantage
BiCI vs CI1 
(S0°N0°, S0°N- 
90°, S0°N90°]
NA NA NA *!
- When noise was at the front, the 
binaural advantage was smaller in 
the BiCI group compared with the 
bimodal group [p = 0.004].
- When noise was on the Cll/CI-side 
the binaural advantage was greater 
in the BiCI group compared with 
the bimodal group (p = 0.002].
- When noise was shifted to the 
Cll/CI-side, the head shadow 
benefit was significantly greater for 
the BiCI group compared with the 
bimodal group (p = 0.004].
- When noise was shifted to the 
Cll/CI-side, the spatial unmasking 
was significantly smaller for the 
BiCI compared with the bimodal 
group (p = 0.004].
head shadow 
effect
NA NA NA *
spatial
unmasking NA NA NA *!
Litovsky et 
al.24¥
CRISP test 
(adaptive SNR)
SRT (S0°N0°]
BiCI vs CIHA
-1.7 (-7.5 to 4.1] 0.3 (-0.6 to 1.1]* - - - No significant group effect
- Spatial release from masking 
values fell within normal limits for 
many children in the BiCI group.
SRT (S0°NCI1] -3.6 (-8.6 to 1.3] 0.7 (-0.2 to 1.6]* - -
SRT (S0°NCI2] -5.2 (-12.2 to 1.8] 0.7 (-0.2 to 1.6]* - -
BiCI indicates bilateral cochlear implants; BKB-SIN test, Bamford-Kowel-Bench Speech-In-Noise test; Cl, cochlear implant; CI1, first cochlear implant; CI95, 95% confidence 
interval; CIHA, bimodal stimulation; CRISP test; Children's Realistic Intelligibility and Speech Perception test; ES, effect size; HA, hearing aid; MD, mean difference; N, noise; 
NA, not applicable; S, signal; Sign ES, significance of effect size; Sign o.s., statistical analyses of the original study; SNR, signal-to-noise ratio; SRT, speech reception threshold. 
¥also included by NICE; *a significant effect; -no significant effect; + effect size was multiplied by -1 to make the different studies comparable; +!significant bilateral 
disadvantage.
Bilateral cochlear im
plants in 
children: a 
system
atic review
Table 10 Localisation outcomes (BiCI vs CIHA)
Study Measures Condition MD (0 9 5 ] ES (CI95]
Sign
ES
Sign
O.S. Comment
Litovsky et 
al.2S¥
Localisation (15 
loudspeakers, MAA] BiCI vs CIHA -27.9 (-47.6 to -8.2]
1.6 (0.4 to 2.8]t * *
- BiCI children with MAAs 560° were 
excluded from the results.
- Unable to complete testing is noted 
as MAA of 90° error.
- Stratification: < 13 2 months of 
BiCI experience.
- Significant BiCI advantage (p < 
0.05],
Litovsky et 
al.Z4¥
Localisation [15 
loudspeakers, MAA]
BiCI vs CIHA -7.4 (-27.4 to 12.7] 0.4 (-0.7 to 1.5]+ - -
As compared to bimodal 
stimulation, no BiCI advantage was 
found.
BiCI indicates bilateral cochlear implants; CI95, 95% conficence interval; CIHA, bimodal stimulation; ES, effect size; MAA, minimal audible angle; MD, mean difference; Sign 
ES, significance of effect size; Sign o.s., statistical analyses of the original study.
¥also included by NICE; *a significant effect; -no significant effect; ^effect size was multiplied by -1 to make the different studies comparable.
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EABRs in children with sequential bilateral cochlear implants
Introduction
Currently, the first option to tre a t deaf children and children w ith profound 
sensorineural hearing loss is to fit a unilateral cochlear im plant (CI). The advantage of a 
CI is th a t children achieve be tte r hearing thresholds, be tte r speech perception in quiet 
and subsequently, be tte r speech and language perform ance than children w ith similar 
hearing loss who use conventional hearing aids.1 In light of these successful outcomes 
w ith speech perception in quiet, bu t the rem aining deficit in spatial hearing and the 
difficulty in hearing in noise, there is growing in terest in bilateral implantation. 
Although several studies rep o rt on behavioural benefits in children w ith bilateral CIs 
(BiCIs), study data th a t provide objective evidence of auditory brainstem  m aturation 
after b ilateral im plantation are scarce.
When a congenitally deaf child receives BiCIs sequentially, the 2 cochleae presum ably 
have different processing abilities, because the auditory system  on the newly im planted 
side has no t ye t m atured. The extent to which the auditory system  develops after 
bilateral im plantation may depend on the age of the child. Behavioural studies within 
children w ith unilateral CIs showed th a t the best speech perception and speech 
production results w ere achieved by the children who received their CI before the age of 
2.5 years.2-4 This suggests th a t there is a sensitive period for m aturation of the auditory 
system, and th a t this m ight also affect the auditory perform ance w ith a second CI (CI2) 
th a t is placed sequentially. Peters e t al.5 and Wolfe e t al.6 found th a t w ithin sequentially 
im planted children who received the CI2 before the age of 5 or 4  years, speech 
recognition in quiet was eventually equal w ith the 2 implants, w hereas w ithin children 
who received the CI2 after 5 or 4  years of age, speech perception in quiet w ith the CI2 
alone was poorer than w ith the first CI (CI1) alone.
In search of objective evidence for a sensitive period in auditory neural m aturation, the 
auditory brainstem  response (ABR) can be used as a m easure. Although, the auditory 
brainstem  is only a small p a rt of the auditory pathway, it gives us at least insights into 
the plasticity of the neural pathw ay from the cochlea up to the m idbrain. In subjects w ith 
CIs, it is relatively easy to evoke these ABRs electrically (EABRs). Compared to the 
acoustically-evoked ABR, EABRs appear approxim ately 1.0-1.5 ms earlier, due to direct 
stim ulation of the spiral ganglion cells. The waveform pattern  is similar to th a t of the 
acoustic waveform pattern, except th a t the first wave is not visible in the response, 
because of the electrical stim ulus artefact induced by the implant. In addition, stimulus 
intensity has less im pact on EABR latencies in com parison w ith the acoustically-evoked 
ABR.7
During norm al early auditory development, the ABR dem onstrates decreasing peak 
latencies and increasing peak amplitudes, which are characteristic of auditory brainstem  
m aturation.8 Probable underlying m echanisms for these changes are the process of 
myelinisation and greater synaptic efficacy. The first waveforms (I-III) of the ABR 
originate from the caudal portion of the brainstem , w hereas the later waveforms (III-V)
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originate from the rostral part.9 In children w ith unilateral CIs the developm ent of the 
rostra l p a rt of the brainstem  follows a normal-like tim e pattern, w hereas the caudal p art 
follows a faster pattern  than th a t in norm al hearing children.10 Although the “time-in- 
sound”, defined as the chronological age minus the duration of deafness, has an im pact 
on EABR m aturation, the age at im plantation is no t thought to have any effect.11,12 This 
suggests th a t the auditory brainstem  m atures as a resu lt of auditory stimulation, and 
therefore, it can by hypothesised th a t after sequential im plantation, the CI2 side will 
catch up w ith the CI1 side, irrespective of the duration of deafness on th a t side. 
However, it should be noted th a t although auditory brainstem  m aturation seems 
activity-dependent, it is not sure if the underlying processes in children w ith CIs are the 
same as for norm al hearing children.
A contrasting hypothesis is th a t after sequential im plantation, neural m aturation of the 
CI2 side might follow a different pattern  as age in receiving the CI2 becomes higher 
because th a t side has never been stim ulated and the stim ulation w as only unilateral. 
Consequently, the EABR pattern  on the CI2 side might not catch up w ith th a t on the CI1 
side, as was found by Gordon et al.13 They reported  th a t in children w ith long delays, 
th a t is, m ore than 2 years betw een the 2 im plantations, latency differences of wave V 
and interw ave interval III to V betw een the 2 sides w ere significantly longer than in 
children w ith short delays (i.e. < 1 year betw een the im plantations) or no delays 
(sim ultaneous im plantation). This betw een-group difference was found a t initial device 
activation and after 3  and 9  months. They did no t rep o rt on w hether these interaural 
latency differences w ere significant in each group. From their data, it was clear th a t after
9 m onths no interaural latency differences w ere p resen t w ithin the short delay and 
sim ultaneous groups. Assuming th a t the in teraural latency differences in the children 
w ith long delays w ere significant, it is possible th a t m aturation on the CI2 side continues 
after 9 m onths of auditory experience, as it does in children w ith norm al hearing, in 
whom ABR m aturation ends at approxim ately 2 years of age.9 In another publication of 
Gordon e t al.,14 prelim inary data w ere reported  on results of these children w ith 9 till 30 
m onths of BiCI use. Data from 3 children in the long delay group w ere described in 
detail, and it seem ed th a t in teraural latency differences of wave V dim inished over time. 
Nevertheless, latency differences betw een the 2 CI sides w ere still apparen t after 24 
months.
In the curren t study, the main purpose was to assess w hether sequential BiCI leads to 
changes in the auditory brainstem  after a period of BiCI use. Therefore, in a group of 30 
children, who received BiCIs sequentially, EABR m easurem ents w ere obtained from the 
2 CI sides during CI2 surgery and after 6, 12 and 24 m onths of BiCI experience. If there is 
a sensitive period for auditory system  m aturity, the duration of unilateral deafness in 
these children m ight be instrum ental. Therefore, the question arises as to w hether the 
EABR pattern  on the CI2 side could catch up w ith the EABR pattern  on the CI1 side over 
tim e and, moreover, w hether age in receiving CI2 m ight have had an influence.
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Methods
Subjects
The study group of 30 children was recruited a t the Cochlear Im plant Centre Nijmegen- 
St. Michielsgestel and received sequential BiCIs (Nucleus® 24 m ultichannel devices) 
betw een April 2006 and June 2007. The following children w ere excluded from the 
study: children who had less than 1 year of unilateral CI experience; residual hearing in 
the non-im planted ear; benefit from a contralateral conventional hearing aid; additional 
developm ental, learning an d /o r behavioural deficit; older than 9 years of age; 
progressive systemic disease; ossified cochleae; anatom ical m alform ations th a t might 
comprom ise the insertion of the electrode array  or would cause facial nerve stimulation; 
and any medical condition th a t would cause hazards for the general anaesthesia during 
the im plant procedure. Before the children received their CI2 the child's parents had to 
sign an inform ed consent. All the children had symm etrical profound sensorineural 
hearing loss, and m ost of them  suffered from congenital deafness (n=27). The CI1 had 
been provided a t a m ean age of 1.8 years (SD: 0.5 years) and the CI2 a t a mean age of 5.3 
years (SD: 1.6 years). The m ean interval betw een the CI1 and CI2 was 42 m onths (SD: 18 
months). Full insertion of the electrode array into the cochlea had been achieved in all 
cases. Subject characteristics are listed in Table 1.
Procedure
EABR m easurem ents a t the 2 sides w ere perform ed intraoperatively and 
postoperatively a t 6, 12 and 24 m onths after second device activation. To elicit EABRs, a 
medial electrode (electrode 11) of the electrode array  was stim ulated directly. 
Intraoperative, EABRs w ere elicited a t different curren t levels, w hereas postoperative, 
EABRs w ere elicited a t m ost comfortable level (MCL). The MCL was determ ined a t each 
m easurem ent point using a behavioural 5-scale loudness perception task. The child was 
asked to indicate the intensity level of the EABR stimulus by pointing a t 1 of 5 pictures 
th a t represented  the stimulus loudness (“very soft”, “soft”, “good”, “a little loud” and “too 
loud”). At the time of m easurem ent, no loudness balancing betw een the 2 im plants was 
perform ed. Because MCLs could no t be indicated by the very young children, their 
behavioural responses w ere assessed by an experienced paediatric clinician who 
attentively followed their behavioural reactions to each stim ulation level. EABRs w ere 
recorded a t individual MCLs and to confirm reproducibility of the waveform 
morphology, EABRs w ere also recorded a t lower stim ulus intensities. During 
postoperative m easurem ents, the children w ere lying comfortably on a bed while 
watching a silent film.
Electrophysiological setup
Stimuli w ere biphasic pulses (monopolar) w ith a pulse w idth of 50 us and an interphase 
gap of 7 us, presented a t a stim ulation rate of 30 Hz. To reduce the electrical stimulus 
artefact, we decided to use alternating pulse polarity, which m ight have influenced EABR 
latencies in com parison to single polarity stimulation. Because m ost of the published 
EABR studies did not explicitly describe the use of electrical stim ulation w ith a specific
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stim ulus polarity,10'14 the effect of pulse polarity on EABR latencies is not quite clear. 
Approximately 2,000 stimuli w ere presented and averaged in each trial. Stimuli w ere 
produced using Nucleus Neural Response Telem etry 3.1 a n d /o r Custom Sound 2.0 
software (Cochlear Ltd.) th a t triggered the recording device (Medelec Synergy 
m ultichannel EP-system; Oxford Instrum ents, Oxfordshire, UK).
T ab le  1 Subject characteristics.
In terval
betw een
onset of In terval
Age a t deafness betw een
onset and  O  CI1 and
deafness Age a t  Age a t  activation CI2 Side of
Subject Sex (yr) Aetiology CI1 (yr) CI2 (yr) (mo) (mo) CU
1 M 0.0 Waardenburg 1.3 8.5 16 86 right
2 M 0.0 unknown 2.4 7.8 29 65 right
3 M 0.0 hereditary 2.3 7.8 27 67 left
4 F 1.1 meningitis 2.0 7.2 11 62 right
5 F 0.0 unknown 1.3 7.0 15 69 right
6 F 0.0 unknown 2.0 6.9 24 59 right
7 F 0.0 unknown 2.3 6.8 27 55 right
8 F 0.0 unknown 2.7 6.7 32 48 right
9 F 0.2 meningitis 2.0 6.0 22 48 right
10 F 0.0 unknown 2.6 5.9 31 40 right
11 M 0.0 Waardenburg 1.5 5.9 18 53 right
12 F 0.4 meningitis 2.1 5.8 20 44 right
13 M 0.0 unknown 2.3 5.5 27 39 right
14 M 0.0 unknown 1.2 5.5 14 52 left
15 F 0.0 unknown 2.1 5.1 25 36 right
16 M 0.0 premature birth 2.1 5.0 25 35 right
17 M 0.0 unknown 1.4 5.0 17 43 right
18 F 0.0 unknown 2.1 4.9 25 34 right
19 F 0.0 Waardenburg 1.3 4.7 16 40 right
20 F 0.0 unknown 1.8 4.5 22 32 right
21 F 0.0 DFNB1 1.6 4.5 19 35 right
22 M 0.0 Usher 1.1 4.5 13 41 right
23 F 0.0 DFNB1 2.2 3.8 26 20 left
24 M 0.0 cytomegalovirus 1.3 3.8 15 31 right
25 M 0.0 GJB2 gene mutation 2.2 3.6 26 17 left
26 M 0.0 unknown 1.2 3.3 14 25 right
27 M 0.0 unknown 2.0 3.2 24 14 right
28 M 0.0 unknown 1.5 3.2 18 20 right
29 M 0.0 hereditary 1.3 2.8 15 18 right
30 M 0.0 unknown 0.9 2.4 11 18 right
CI1 indicates first im plant; CI2, second im plant; F, female; M, male.
Ag/AgCl electrodes w ere used to record the evoked potentials. Non-inverting electrodes 
w ere placed on both m astoids or in front of the ear during surgery, while the reference 
electrode was placed a t the vertex. A ground electrode was placed on the cheek. High 
and low pass filter settings of the recording system  w ere 10 and 5,000 Hz, respectively. 
The auto reject level was set a t 50 ^V. Acquisition time was 10 ms, w ith a prestim ulus
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time of 2 ms to ensure that the electrical stimulation artefact, caused by the implants, 
could be clearly seen in the response and distinguished from the actual neural response.
Data analyses
EABR wave latencies were defined visually offline by 2 experienced clinicians 
independently. To reduce incorrect interpretations due to electrical stimulation 
artefacts on the ipsilateral side, contralateral EABRs were used in the analyses. Because 
wave III and wave V are the most prominent waveforms, latencies of these 2 waveforms 
were used for comparison. Additionally, the latency of interwave interval III to V was 
calculated. Waveform latencies evoked at MCL were compared per implant side and 
between the 2 sides in each subject over time. Because MCLs were unknown during 
surgery, intraoperative EABRs elicited at the same stimulus intensity as MCLs obtained 
after 6 months were taken from the data set for comparison. Interaural differences were 
computed by subtracting latencies on the CI1 side from those on the CI2 side. Statistical 
analyses were performed using repeated measures analyses, paired-samples t  tests and 
linear regression analyses (SPSS, version 16.0). In each analysis, the level of statistical 
significance was set at an a of 5%.
Results
As a result of poor signal-to-noise ratios and/or stimulus artefacts, it was not possible to 
obtain reproducible EABRs from some of the children. The numbers of reproducible 
waveforms elicited at the different time points are shown in Table 2. In Figure 1, a 
typical example of EABRs on the 2 CI sides over time can be seen.
T ab le  2 The num ber of reproducible EABR w aveform s elicited 
in traoperatively  and  postoperatively  after 6, 12 and 24 m onths of BiCI 
experience.
Wave III Wave V Interw ave III-V
Num bers CI1 CI2 CI1 CI2 CI1 CI2
Intraoperative 23 25 25 27 22 23
6 months 26 23 28 27 26 23
12 months 20 23 27 28 19 23
24 months 26 27 29 29 26 27
CI1 indicates first cochlear im plant; CI2, second cochlear implant.
Although stimulus intensity has less impact on EABR latencies,7 we also compared MCLs 
between the 2 CI sides. The MCLs (in ^A) were significantly higher on the CI1 side in 
comparison with the CI2 side after 6 and 12 months (p < 0.05), but not after 24 months 
(p = 0.106). Mean MCLs at each point in time are depicted in Table 3.
EABR wave III
EABR wave III latency differences between the 2 CI sides diminished from 0.08 ms 
intraoperative to 0.00 ms after 24 months. From repeated measures analyses appeared 
that these interaural latency differences were not significant (F[1,9] = 0.8, p = 0.390).
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Figure 1 A typical exam ple of EABR recordings (subject 24) obtained on the first and  second im planted sides. The a) in traoperative and 
postoperative EABRs are  show n as ob tained after b) 6, c) 12 and d) 24 m onths of BiCI use.
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The duration of BiCI use had a significant effect on wave III latencies (F[3,27] = 14.9, p < 
0.01). Pairwise comparisons showed that intraoperative wave III latencies were 
significantly longer than postoperative latencies (p < 0.05). Although paired-samples t 
tests (Figure 2a), carried out for each measurement point separately, contained larger 
numbers of subjects, wave III latencies between the 2 CI sides did not differ significantly 
(intraop: t[19] = -1.1, p = 0.279; 6mo: t[19] = 0.1, p = 0.916; 12mo: t[17] = 0.6, p = 0.546; 
24mo: t[25] = 0.6, p = 0.547). Interaural differences seemed even smaller or negative.
T ab le  3 Mean MCLs on the 2 im plant sides determ ined  
after 6, 12 and 24 m onths of BiCI use, derived from 
paired-sam ples t  tests.
C urrent - 
AiA m ean
CI1
SD n m ean
CI2
SD n
6 months 622.7 254.7 25 481.7 239.9 25
12 months 571.2 201.5 28 486.4 253.1 28
24 months 592.8 177.1 29 524.9 201.7 29
CI1 indicates first cochlear im plant; CI2, second 
cochlear implant.
EABR wave V
Wave V latencies differed significantly between the 2 sides (F[1,16] = 15.1, p < 0.001). 
The duration of BiCI use had also a significant effect on wave V latency (F[3,48] = 33.6, p 
< 0.001). From the significant interaction between “implant side” and “duration of BiCI 
use”, it seemed that wave V latency diminished significantly different over time between 
the 2 sides (F[3,48] = 5.9, p < 0.01). On both CI sides, the duration of BiCI use was 
significant (CI1: F[3,57] = 20.7, p < 0.001; CI2: F[3,69] = 56.5, p < 0.001). On the CI1 side, 
wave V latencies only differed between intraoperative and postoperative measurements 
(p < 0.01). Postoperative wave V latencies did not differ significantly (p > 0.05). Wave V 
latencies on the CI2 side, obtained at all time points, differed significantly (p < 0.05). This 
means that interaural latency differences diminished over time.
Compared to the CI1 side, on the CI2 side, wave V latencies were initially significantly 
prolonged (intraop: t[22] = -2.9, p < 0.01; 6mo: t[24] = -3.7, p < 0.01; Figure 2b). After 12 
months, these interaural latency differences were no longer significant (12mo: t[26] = -
1.9, p = 0.073; 24mo: t[28] = -1.4, p = 0.161).
EABR interwave interval III-V
The repeated measures analysis for EABR interwave interval III to V latency only 
contained data on 9 subjects. This analysis showed that the 2 implant sides differed 
significantly in interwave interval III to V latency (F[1,8] = 16.3, p < 0.01), and that 
duration of BiCI use was significant (F[3,24] = 8.0, p < 0.01). No significant interaction 
between the 2 factors was found (F[3,24] = 2.0, p = 0.147). Pairwise comparison 
revealed that overall interwave interval III to V latencies differed significantly between 
intraoperative measurements and measurements after 24 months (p < 0.05).
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Paired-samples t  tests (Figure 2c) showed significant interaural latency differences for 
interwave interval III to V at all measurement points in time (intraop: t[17] = -3.1, p < 
0.01; 6mo: t[19] = -3.8, p < 0.01; 12mo: t[16] = -3.7, p < 0.01; 24mo: t[25] = -3.6, p <
0.01).
Factors of influence
To explain the individual differences, age at first and second implantation and time 
between implantations were taken into account. Linear regression analyses were 
carried out, with interaural latency differences as the dependent variable and the 3 
factors as the independent factors. Because age at second implantation and the time 
between implantations correlated highly (r[30] = 1.0, p < 0.001), the factor “time 
between implantations” was excluded from the analyses. Analyses showed no effect of 
age at first and second implantations on the interaural latency differences (p > 0.25).
To rule out any effect of differences in stimulus level on interaural latency differences, 
we correlated differences in MCL with the interaural latency differences, and we did not 
find any significant correlations (p > 0.40).
Discussion
Postoperative, EABRs on the CI2 and CI1 sides showed a significant decrease in latencies 
at 6 months in comparison with intraoperative latencies. We presume that this was 
caused by the anaesthetics during surgery that led to prolonged EABR latencies. All the 
children received sevoflurane as anaesthetic agent. Indeed, literature confirmed that 
ABR wave V latencies are somewhat increased by this type of anaesthesia.15
Our data revealed no significant interaural differences in EABR wave III latencies at any 
of the time points. This was striking, because at the level of wave III that presumably 
originates from the cochlear nuclei, no auditory input from the contralateral cochlea 
enters. This means that prior auditory input from the CI1 side could not have influenced 
the maturation of wave III. Because the children within our study group mostly 
experienced from congenital deafness and therefore could not have had some auditory 
experience in the past, this lack in interaural latency differences in wave III was quite 
remarkable. In children with a unilateral CI, a maturational pattern is seen in the caudal 
part of the auditory brainstem after implantation, but it is faster than that in children 
with normal hearing.10 Gordon et al.10 found that wave III latencies no longer decrease 
significantly after 1-2 months of unilateral implant use. From their data this decrement 
in latency was approximately 0.10 ms. Because our intraoperative latencies were 
presumably affected by the anaesthetics, we only compared the decrement in interaural 
latency differences over time. These interaural latency differences, from the repeated 
measures analysis, diminished from 0.08 ms intraoperative till 0.00 ms after 24 months. 
Although the intraoperative difference in latency for wave III between the CI1 and CI2 
was not significant, it is in line with the difference found between latencies direct
75
Chapter 3
postim plantation and after 1 to 2 m onths in unilaterally im planted children, reported  by 
Gordon e t al.10
Wave V latencies on the CI2 side w ere initially prolonged in com parison w ith the CI1 
side. However, after 12 months, these in teraural latency differences w ere no longer 
significant, although still apparent. This m ight suggest th a t neural conduction increases 
w ith increasing auditory experience, even after a relatively long period of unilateral 
deafness. Therefore it is suggested th a t the m aturation on the CI2 side is sim ilar to th a t 
of the auditory brainstem  m aturation in unilaterally im planted children, in which wave 
V latency decrem ent stagnates a t approxim ately 1 to2 years of use.10,12 In addition, this 
is also in accordance w ith the hypothesis th a t although tim e-in-sound has an im pact on 
EABR m aturation, the age a t im plantation does not have an effect on the m aturation of 
the auditory brainstem .11,12 Nevertheless, one should bear in mind th a t the interaural 
latency differences did not completely disappear after 24 months, and we are not certain 
if these in teraural differences will disappear after longer periods of BiCI experience.
In comparison w ith the CI1 side, the latencies of interw ave interval III to V rem ained 
significantly prolonged on the CI2 side. This significant in teraural difference might have 
been caused by the slightly negative in teraural latency difference of wave III on the one 
hand and on the other hand by the positive in teraural latency difference of wave V, 
which resulted  in a larger in teraural latency difference for the interw ave interval III to V 
(Figure 2).
Age in receiving the CI1 and CI2 did no t have an effect on the 2 im plants to converge at 
the level of the auditory brainstem . Age in receiving the CI1 could not explain the 
individual differences, because no much variation occurred w ithin age in receiving the 
CI1. Because age in receiving the CI2 correlated highly w ith the tim e betw een the 2 
im plantations, the time betw een the 2 im plantations was also not an explanatory factor 
for individual differences. However, Gordon et al.13 did find a significant effect of time 
betw een the 2 im plantations, which indicated th a t the group w ith sho rt delays (i.e. < 1 
year) had sm aller in teraural differences in wave V latencies than the group w ith long 
delays (i.e. > 2 years). In contrast to the children studied by Gordon e t al.,13 all the 
participants in the p resen t study had a t least 1 year of unilateral im plant experience 
before receiving the CI2. Therefore, these results are no t fully comparable. A possible 
explanation is th a t less than 1 year of tim e-in-sound in the children studied by Gordon et 
al.13 was too short for the CI1 side to fully m ature, which caused sm aller interaural 
latency differences than those in the long delay group. When viewing the same groups 
w ithin the study by Gordon et al.13,14 this seem ed true, because they found a decrease in 
latencies of the CI1 side w ithin the short delay group, w hereas the latencies on the CI1 
side w ithin the long delay group rem ained stable. In contrast w ith Gordon et al.13 (9-mo 
data), we did not find any significant in teraural wave V latency differences (12-mo data).
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Based on the results w ithin our study group, we can suggest th a t the age in receiving the 
CI2 as well as the time betw een the 2 im plantations does not hinder the auditory 
brainstem  to s ta r t developing on the CI2 side. Nevertheless, some abnorm alities w ere 
still seen a t the rostra l p a rt of the brainstem  w ith regard to the absolute and interwave 
latencies after 24 m onths of BiCI use. W hether these abnorm alities disappear after m ore 
im plant experience is unclear. Besides research a t the level of the auditory brainstem , 
the im pact of age in receiving the CI2 in sequential bilateral im plantation should also be 
examined for the cortical auditory m aturation, a t which age of receiving the CI2 might be 
a m ore critical factor.16 Furtherm ore, it should be studied how these objective 
m easurem ents relate to behavioural data such as speech perception and localisation.
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Introduction
The success of unilateral cochlear im plantation in children w ith severe-to-profound 
sensorineural hearing loss has led to worldw ide in terest in bilateral cochlear implants 
(BiCIs).1 Most studies rep o rt on children w ith BiCIs im planted sequentially. In these 
children, prior to second cochlear im plant (CI2) surgery, the auditory cortex only 
received unilateral input from the first cochlear im plant (CI1). Development of 
successful audiological perform ance w ith the CI2 after an extended period of unilateral 
deafness depends on the plasticity of the central auditory pathways.
With adequate auditory stimulation, the central auditory system  will develop from birth  
through to adolescence. In children w ith congenital profound sensorineural hearing loss, 
the auditory pathw ay will s ta rt to develop after unilateral cochlear im plantation.2 One 
way to assess m aturation of the central auditory system  is to m easure auditory cortical 
responses (ACRs). ACRs vary w ith chronological age and are used as an indirect m easure 
of the m aturation rate of the central auditory system  in children w ith norm al hearing 
and in children w ith cochlear im plants (CIs).3 Although the ACR peaks, P1, N1, P2 and 
N2, are the resu lt of an obligatory response to sound,4 Cranford et al.5 suggest th a t 
endogenous influence from top-dow n signal processing affects the P2 and N2.
In children w ith norm al hearing, the ACR is usually characterised by both a large and 
broad positive peak (P1) and a large negative peak (N2). This N2 peak is no t often seen 
in adults w ith norm al hearing.6 The P1 latency gradually decreases during childhood 
w hereas the P1 am plitude abruptly  decreases after the age of 9 or 10 years.7 In young 
children w ith norm al hearing, the N1 is no t always m easurable bu t it is m ore likely to be 
evoked by lengthening of the inter-stim ulus interval.3,6,8 The N1 typically emerges after 
the age of 9 to 10 years after first becoming visible as an inflection of the P1 peak.6,7 The 
N1 latency then decreases and becomes adult-like a t 15 to 16 years of age after which its 
am plitude still continues to increase. Although the P2 peak cannot always be detected in 
young children, its latency and am plitude changes very little from childhood to 
adulthood. The P2 is m ature a t approxim ately 2 to 3 years of age.7
Sharma e t al.2 examined the P1 peak of the electrically evoked auditory cortical response 
(EACR) in children after they received a unilateral CI. They found th a t P1 peak latencies 
only m atured to age-appropriate levels w hen the CI was received before the age of 3.5 
years. These children developed age-appropriate P1 latencies after 6-8 m onths of CI use. 
If a unilateral CI was received after 7 years of congenital deafness, P1 latencies rem ained 
abnorm al w ith respect to the P1 peak recorded in age-m atched children w ith norm al 
hearing.2 In contrast, Ponton et al.9 reported  th a t the rate of P1 m aturation of children 
w ith a CI was the same as th a t of children w ith norm al hearing; the milestones, however, 
a t which the peak developed, w ere extended by the duration of deafness. Therefore, 
hearing age, or time-in-sound, was more suitable to explain the changes of the P1 peak 
over time. Furtherm ore, there  was a lack of N1 and P2 peaks recorded in the children 
using CIs.9 In 1999, Ponton e t al.10 repeated  the m easurem ents in 2 of the CI children
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who w ere described in the ir previous study.9 It appeared th a t during adolescence the 
decrease in P1 latency stagnated a t a latency far above w hat is found in individuals w ith 
norm al hearing. The 2 children in this study received their CI a t the age of 6 years.
In children w ith norm al hearing, ACRs separately evoked by either ear are 
approxim ately similar. This indicates th a t auditory processing m atures a t the same rate 
for both pathways. After long periods of unilateral deafness in children who receive 
sequential BiCIs, it is no t ye t clear if there will be sym m etry along the pathways. 
Compared to EACR latencies evoked by the CI1, EACR latencies evoked by the CI2 will be 
prolonged m ost likely due to the long-term  lack of bilateral auditory stimulation. Two 
EACR studies have described auditory m aturation after bilateral im plantation.11,12 These 
studies w ere case reports on children w ith BiCIs in which all bu t 1 child received the CI2 
less than 1 year after the CI1. The P1 latency evoked by the CI2 seem ed to become age- 
appropriate sooner than the P1 latency evoked by the CI1. One child received the CI2 
more than 8 years after the CI1. This child's results showed th a t the P1 latency evoked 
by the CI2 was prolonged in comparison to the P1 evoked by the CI1 side after 9 m onths 
of BiCI use.12 As bilaterally im planted children w ith a small inter-im plant delay achieve 
age-appropriate EACR latencies evoked by the CI2 sooner than after unilateral 
im plantation, we hypothesise th a t unilateral stim ulation before second im plantation has 
a positive effect on auditory pathw ay m aturation.
In the curren t study, EACRs w ere obtained from 30 children w ith BiCIs im planted 
sequentially. All the children received the CI1 before the age of 3 years. The age at 
receiving the CI1 was approxim ately the same w hereas the age a t receiving the CI2 
varied considerably. EACRs w ere recorded after 6, 12 and 24 m onths of BiCI use. The 
CI1 and CI2 w ere stim ulated separately. (E)ACRs w ere also obtained in a group of 33 
subjects w ith norm al hearing and in a m atched group of 9 children w ith a unilateral CI. 
The purpose of this study was to determ ine 1) w hether CI2 evoked EACRs are 
com parable w ith CI1 evoked EACRs, 2) w hether the inter-im plant delay influences 
auditory m aturation, 3) w hether EACR latencies are age-appropriate and 4) w hether 
EACR latencies are com parable w ith those of children w ith a unilateral CI.
Methods
Subjects
Bilateral CI group
The 30 children in our study group w ere im planted a t the Radboud University Nijmegen 
Medical Centre and received sequential BiCIs (Nucleus® 24 m ultichannel devices, 
Cochlear Corp. Australia) betw een April 2006 and June 2007 (referred to as the BiCI 
group). The eligibility criteria for bilateral im plantation were: a t least 1 year of 
unilateral CI experience; a bilateral profound prelingual hearing loss; im planted w ith a 
unilateral CI before the age of 3 years, in which a full insertion of the electrode array  was 
achieved; a chronological age less than 9.0 years; no benefit from a contralateral
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conventional hearing aid; no cognitive, learning an d /o r behavioural deficits; no 
progressive systemic disease; no anatom ical m alform ations th a t might prevent full 
insertion of electrode array  or th a t might stim ulate the facial nerve; and no medical 
condition th a t contraindicates the use of general anaesthesia during the im plant 
procedure. The Committee on Research Involving Human subjects of the Radboud 
University Nijmegen Medical Centre approved testing.
Mean age a t tim e of CI1 im plantation was 1.8 years (range: 0.9-2.7 years) while the 
m ean age a t CI2 im plantation was 5.3 years (range: 2.8-8.5 years). The mean in te r­
im plant delay was 3.5 years (range: 1.2-7.2 years). All of the children had congenital 
deafness except 3 who had acquired deafness as a resu lt of meningitis. Full insertion of 
the electrode array  into the cochlea was achieved in all cases. Full subject characteristics 
are listed in Table 1.
Unilateral CIgroup
A group of 9 children w ith a unilateral CI (Nucleus® 24 m ultichannel devices, Cochlear 
Corp. Australia) was included. These 9 children (referred to as the UCI group) w ere 
m atched w ith the BiCI group for 1) age a t unilateral im plantation, 2) chronological age, 
and 3) degree of bilateral hearing loss. All the children w ere prelingually deaf and did 
no t have any diagnosed cognitive, learning a n d /o r behavioural deficits. They had 
received their CI a t a mean age of 1.6 years (range: 0.8-2.0 years). The mean CI 
experience a t the first EACR recordings was 4.8 years (range: 2.1-7.2 years). Full 
insertion of the electrode array into the cochlea was achieved in all cases. The subject 
characteristics are also listed in Table 1.
Subjects with normal hearing
A reference group of 33 subjects w ith norm al hearing (referred to as the NH group) 
w ere also tested. To obtain a clear tim e course of ACR development, m easurem ents were 
also obtained from older children than those in the study group as well as from 
adolescents/adults (n=6). Mean age of the 27 children in this reference group was 6.4 
years (SD: 2.3; range: 3.0-10.5 years). The subjects did no t have any history of otological 
problem s and their hearing thresholds w ere below 15 dB HL (from 0.25 to 8 kHz).
The parents of all the children gave w ritten  consent for the ir child to participate in this 
study.
Procedure
In the study group, electrophysiological m easurem ents w ere perform ed postoperatively 
a t 6, 12 and 24 m onths after CI2 activation (session 1, 2 and 3, resp.). EACRs w ere 
obtained by separate stim ulation of the CI1 and CI2. During the m easurem ents, the 
children w ere lying comfortably on a bed, w atching a silent movie. Owing to time 
constraints and the limited capacity of young children to lie still, the protocol was 
confined to recordings evoked by 1 medial electrode (electrode 11) of the CI electrode
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array. EACRs were obtained at most comfortable stimulation levels (MCLs). Prior to the 
actual EACR recordings, MCLs were determined using a behavioural loudness scaling 
task, using the same stimulus as was used to elicit EACRs. When children were not able 
to accomplish this task due to their young age, behavioural responses were assessed by 
an experienced paediatric clinician who attentively followed their behavioural reactions 
to each stimulation level.
T able 1 Subject characteristics.
Subject Sex
Age at 
onset 
deafness 
(yr) Aetiology
Age at 
CI1 (yr)
Age at 
CI2 (yr)
Interval 
between 
CI1 and 
CI2
(yr)
Side of 
CI1
BiCIl M 0.0 Waardenburg 1.3 8.5 7.2 right
BiCIS F 0.0 unknown 1.3 7.0 5.8 right
BÌCI3 M 0.0 hereditary 2.3 7.8 5.6 left
BÌCI2 M 0.0 unknown 2.4 7.8 5.4 right
BÌCI4 F 1.1 meningitis 2.0 7.2 5.2 right
BÌCI6 F 0.0 unknown 2.0 6.9 4.9 right
BÌCI7 F 0.0 unknown 2.3 6.8 4.6 right
BiCIll M 0.0 Waardenburg 1.5 5.9 4.4 right
BÌCI14 M 0.0 unknown 1.2 5.5 4.3 left
BÌCI8 F 0.0 unknown 2.7 6.7 4.0 right
BÌCI9 F 0.2 meningitis 2.0 6.0 4.0 right
BÌCI12 F 0.4 meningitis 2.1 5.8 3.7 right
BÌCI17 M 0.0 unknown 1.4 5.0 3.6 right
BÌCI22 M 0.0 Usher 1.1 4.5 3.4 right
BiCIlO F 0.0 unknown 2.6 5.9 3.3 right
BÌCI19 F 0.0 Waardenburg 1.3 4.7 3.3 right
BÌCI13 M 0.0 unknown 2.3 5.5 3.3 right
BÌCI15 F 0.0 unknown 2.1 5.1 3.0 right
BÌCI16 M 0.0 premature birth 2.1 5.0 2.9 right
BÌCI21 F 0.0 DFNB1 1.6 4.5 2.9 right
BÌCI18 F 0.0 unknown 2.1 4.9 2.8 right
BÌCI20 F 0.0 unknown 1.8 4.5 2.7 right
BÌCI24 M 0.0 cytomegalovirus 1.3 3.8 2.6 right
BÌCI26 M 0.0 unknown 1.2 3.3 2.1 right
BÌCI23 F 0.0 DFNB1 2.2 3.8 1.7 left
BÌCI28 M 0.0 unknown 1.5 3.2 1.7 right
BÌCI29 M 0.0 hereditary 1.3 2.8 1.5 right
BÌCI30 M 0.0 unknown 0.9 2.4 1.5 right
BÌCI25 M 0.0 GJB2 gene mutation 2.2 3.6 1.4 left
BÌCI27 M 0.0 unknown 2.0 3.2 1.2 right
UCI1 F 0.0 unknown 1.9 right
UCI2 F 0.0 unknown 1.3 right
UCI3 F 0.9 meningitis 1.6 left
UCI4 F 1.2 meningitis 1.8 left
UCI5 M 0.0 unknown 2.0 left
UCI6 M 0.0 hereditary 1.3 left
UCI7 M 0.0 DFNB1 1.4 right
UCI8 F 0.0 Usher 1.8 right
UCI9 M 0.0 unknown 0.8 right
CI1, indicates first cochlear implant; CI2, second cochlear implant; yr, year; M, 
male; F, female.
The (E)ACR data from the UCI and NH groups were used for reference purposes. EACRs 
in the UCI group were measured twice, with an interval of 1 year between the 2 
measurements. The outcomes were compared with those obtained from the study group
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after respectively 12 and 24 months (session 2 and 3). The ACR data from the NH 
children were compared with EACRs of the study group at each measurement point. 
One-way ANOVAs confirmed that at session 1, chronological age did not differ between 
the BiCI and the NH groups (F[1] = 1.2, p = 0.273). At sessions 2 and 3, no significant 
difference in chronological age between the BiCI and the reference groups were found 
either (session 2: F[2] =0.1, p = 0.987; session 3: F[2] = 1.7, p = 0.193).
Electrophysiological set-up
EACRs were evoked by tone bursts of 80 ms that consisted of biphasic pulses (pulse 
width: 25 ^s, interphase gap: 8 ^s, stimulus rate: 900 Hz) presented at a repetition rate 
of 1 Hz at electrode 11. At least 2 trials of approximately 50 accepted stimuli each were 
presented using a clinical stimulation software package (Custom Sound 2.0, Cochlear) 
that triggered the recording device and averaged the responses (Medelec Synergy® 
multichannel EP-system, Cardinal Health UK Ltd.). Ag/AgCl electrodes were used to 
record the evoked potentials. Non-inverting electrodes were placed on both mastoids 
while the inverting electrode was placed at the vertex. A ground electrode was placed on 
the cheek. High pass and low pass filter settings of the recording system were 1 and 30 
Hz, respectively. The auto-reject level was set at 50 ^V. The acquisition time window  
was 1 s, with a prestimulus time of 200 ms.
In the NH group, stimuli were presented monaurally via a head phone (Beyerdynamic 
DT 48). Stimuli consisted of 80 ms tone bursts with a frequency of 2000 Hz, with a rise 
and fall time of 10 ms, presented at a repetition rate of 1 Hz. Tone bursts of 2000 Hz 
were chosen because of their similarity to the bandwidth of channel 11 (1813-2063 Hz). 
Left and right ears were selected randomly to obtain the ACRs. The recording 
parameters were identical to those used in the 2 CI groups.
Analyses
Two experienced clinicians independently identified the P1, N1, P2 and N2 peaks 
visually offline. Peaks were only defined if EACRs were reproducible. Reproducible 
responses of at least 50 accepted trials were averaged together and the peaks were 
identified on the grand average waveform. The first robust positive peak that was seen 
in the response after 50 ms was identified as the P1. The subsequent negative, positive 
and negative peaks between 50 and 350 ms, were identified as the N1, P2 and N2, 
respectively. The individual peaks that the 2 clinicians agreed upon were used in the 
analyses. EACR data from the active electrode on the side contralateral to the stimulated 
implant were used in the analyses. Peak latencies and RMS amplitudes (from 10 to 400 
ms) evoked at MCL were compared between the 2 implant sides in each subject over 
time at 6, 12 and 24 months after activation of the CI2.
Statistical analyses were performed using SPSS 17.0 for Windows. In each analysis, the 
level of statistical significance was set at 5%. EACRs evoked by the CI1 and CI2 within 
the BiCI group were compared using the Wilcoxon signed-rank test. The Friedman’s
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ANOVA test for related samples was used to analyse changes in EACR latencies of the 2 
sides over time. The latencies between the 3 groups were compared with the Kruskal- 
Wallis test for independent samples. The effect of chronological age and inter-implant 
delay on the results was assessed by the calculation of Spearman’s correlation 
coefficients.
Results 
Study group
Table 2 shows the percentage of reproducible peaks at the different measurement 
points. P1 and N2 were identified most often. In Figure 1, the grand average EACR 
waveforms are shown for the CI1 and CI2 after 6, 12 and 24 months of BiCI use. Grand 
averages are presented for 5 subgroups across small inter-implant delays: a) between 1­
2 years, b) between 2-3 years, c) between 3-4 years, d) between 4-5 years and e) 5 years 
and longer.
Table 2 Percentage of EACR peaks evoked by the 2 cochlear implants 
at the 3 measurement points.
PI N1 P2 N2
CI1 CI2 CI1 CI2 CI1 CI2 CI1 CI2
6 months 60.0 66.7 46.7 40.0 53.3 36.7 60.0 36.7
12 months 86.7 83.3 73.3 60.0 76.7 53.3 86.7 63.3
24 months 96.7 90.0 86.7 66.7 90.0 83.3 90.0 76.7
CI1, indicates first cochlear implant; CI2, second cochlear implant.
Latencies
Figure 2 shows the mean latencies of each EACR peak at the different measurement 
points. The CI2 elicited significantly delayed P1 latencies in comparison to those elicited 
by the CI1 at all measurement points (6mo: z = -3.1, p < 0.01; 12mo: z = -2.9, p < .01; 
24mo: z = -2.8, p < 0.01). As can be seen in Figure 2a, factor time had a significant effect 
on the P1 latencies evoked by the CI1 (x2[2] = 24.4, p < 0.0001) and the CI2 (x2[2] = 29.6, 
p < 0.0001). The Wilcoxon signed-rank test was used as a post hoc test and critical 
values were corrected using a Bonferroni correction. Post hoc tests showed that the P1 
latencies evoked by either the CI1 or the CI2 differed significantly between all 
measurement points (critical value = 0.0167, p < 0.01).
Figure 2b shows that the N1 latencies elicited by the CI2 were significantly prolonged 
compared to the CI1 after 6 and 12 months of BiCI use (6mo: z = -2.4, p < 0.05; 12mo: z = 
-2.1, p < 0.05) but not after 24 months of BiCI use (z = -1.5, p = 0.136). N1 latencies also 
decreased significantly over time (CI1: x2[2] = 13.6, p < 0.01; CI2: x2[2] = 11.6, p < 0.01). 
Post hoc tests showed that with regard to latencies evoked by the CI1, only latencies 
after 6 months of BiCI use differed significantly from latencies after 12 and 24 months (p
< 0.0167). N1 latencies evoked by the CI2 only differed significantly between 6 and 24 
months of BiCI use (critical value = 0.0167, p = 0.012).
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Figure 1 Grand average EACR waveforms evoked by the CI1 and CI2 of the study group after 6, 
12 and 24 months of BiCI use. Grand averages are presented across small inter-implant delays: 
a) between 1-2 years, b) between 2-3 years, c) between 3-4 years, d) between 4-5 years and e) 
5 years and longer.
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P2 latencies (Figure 2c) evoked by the CI2 were also significantly prolonged after 6 and 
12 months of BiCI use but differences were no longer significant after 24 months (6mo: z 
= -2.2, p < 0.05; 12mo: z = -2.1, p < 0.05; 24mo: z = -0.1, p = 0.884). Over time, P2 
latencies decreased significantly for responses evoked by the CI1 (x2[2] = 11.8, p < 0.01) 
but not for responses evoked by the CI2 (x2[2] = 3.3, p = 0.197). Post hoc tests showed 
that CI1 latencies differed between measurements after 6 months and 1 2 /2 4  months of 
BiCI use (p < 0.0167).
Figure 2 Mean EACR latencies of peaks a) P1, b) N1, c) P2 and d) N2 after 6, 12 
and 24 months of BiCI use on the CI1 and CI2 sides. Bars indicate the standard 
error of the mean. Statistically significant differences are indicated with an 
asterisk (*p < 0.05, **p < 0.01).
Compared to N2 latencies evoked by the CI1, N2 latencies evoked by the CI2 were only 
delayed after 12 months of BiCI use (Figure 2d) (6mo: z = -1.9, p = 0.058; 12mo: z = -2.3, 
p < 0.05; 24mo: z = -1.1, p =0.284). N2 latencies by both the CI1 and the CI2 decreased 
significantly over time (CI1: x2[2] = 12.7, p < 0.01; CI2: x2[2] = 11.5, p < 0.01), in which 
latencies after 24 months were significantly shorter than after 6 and 12 months (p < 
0.0167).
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RMS amplitude
For each measurement point, comparisons were made between the RMS amplitude 
evoked by the CI1 and CI2. At all measurement points, RMS amplitudes elicited by the 
CI2 were significantly smaller than those elicited by the CI1 (6mo: z = -2.5, p < 0.05; 
12mo: z = -2.9, p < .01; 24mo: z = -2.3, p < 0.05).
Effect of inter-implant delay
From the results shown in Figure 1, it seems that inter-implant delay has an effect on the 
EACRs evoked by the CI2 compared to the EACRs evoked by the CI1. The morphology of 
the grand average waveform of the CI2 is less distinct than the waveform of the CI1, in 
particular in the groups of children with inter-implant delays longer than 3 years. With 
regard to the EACR latencies, none of the peaks showed significant correlations with 
inter-implant delay (p > 0.05) whereas the RMS amplitude showed a significant 
correlation with inter-implant delay after 12 and 24 months of BiCI use (6mo: r[13] = - 
0.13, p = 0.673; 12mo: r[24] = 0.69, p < 0.001; 24mo: r[29] = 0.42, p < 0.05).
Study group versus reference groups: first implant
Spearman’s correlation coefficients between chronological age and (E)ACR latencies for 
the separate groups are shown in Table 3. Chronological age correlated significantly 
with the P1 latency of the CI1 in the study group and in the group of children with a UCI. 
Latencies evoked by the CI1 in the study group were compared with latencies from the 
NH children and the children with a UCI. When P1 latencies of the BiCI group (CI1) at 
session 1 were compared with the P1 latencies of the NH group, no significant difference 
was found (H[1] = 1.0, p = 0.321). At sessions 2 and 3, no differences in P1 latencies 
between the 3 groups were found either (12mo: H[2] = 0.3, p = 0.874; 24mo: H[2] = 4.1, 
p = 0.128).
Like the NH group, the N1 latencies in the UCI and BiCI groups showed significant 
correlations with chronological age (Table 3: session 3). No significant difference in N1 
latencies were found between the BiCI group (session 1) and the NH group (H[1] = 0.6, p 
= 0.429). Similarly, no differences in N1 latencies between the BiCI the UCI and the NH 
groups were found for sessions 2 and 3 (session 2: H[2] = 0.367, p = 0.832; session 3: 
H[2] = 1.923, p = 0.382).
In the 2 CI groups significant correlations between chronological age and P2/N2 
latencies were absent (Table 3). For session 1, P2 and N2 latencies did not differ 
between the BiCI group and the NH children (P2: H[1]= 0.1, p = 0.843; N2: H[1]= 1.7, p =
0.196). For sessions 2 and 3, no significant differences between the 3 groups were found 
for P2 latencies (session 2: H[2] = 1.1, p = 0.567; session 3: H[2] = 4.0, p = 0.136), as well 
as for N2 latencies (session 2: H[2] = 0.2, p = 0.910; session 3: H[2] = 2.8, p = 0.248).
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Study group versus reference groups: second implant
EACR latencies evoked by the CI2 in the BiCI group were also compared with the 
latencies in the UCI group and the NH children.
Compared to the NH children, at session 1, P1 latencies in the BiCI group were 
significantly prolonged (BiCI: mean = 119 ms; NH: mean = 97) (H[1] = 9.371, p < 0.01). 
At session 2, mean differences were still apparent between the 3 groups (BiCI: mean = 
105; UCI: mean = 92; NH: mean = 97), although not significant (session 2: H[2] = 2.213, p 
= 0.331; session 3: H[2] = 2.301, p = 0.316).
Table 3 Spearman’s correlation coefficients between chronological age 
and peak latencies of the (E)ACRs at each measurement point. 
Statistically significant correlations are shown in bold (*p < 0.05, **p < 
0.01).________________________________________________________________
session PI N1 P2 N2
NH group NA -0.828** -0.650** -0.354 -0.412*
UCI group
session 2 
session 3
-0.729*
-0.711*
-0.710
-0.859**
-0.246
-0.548
-0.476
-0.082
session 1
CU
CI2
-0.653**
0.040
-0.356
0.213
-0.281
0.155
-0.150
0.843**
BiCI group session 2
CU
CI2
-0.539**
-0.341
-0.673**
-0.310
-0.322
-0.336
0.152
0.168
session 3
CU
CI2
-0.647**
-0.399*
-0.713**
-0.236
-0.182
-0.025
0.174
0.272
BiCI group, indicates children with bilateral cochlear implants; mo, 
months; NA, not applicable; NH group, subjects with normal hearing; UCI, 
children with a unilateral CI.
Compared to the NH children, N1 latencies in the BiCI group were also significantly 
prolonged after 6 months of BiCI use(H[1] = 6.459, p < 0.05). At sessions 2 and 3, no 
significant differences in N1 latencies between the BiCI, the UCI and the NH groups were 
found (session 2: H[2] = 3.978, p = 0.137; session 3: H[2] = 2.974, p = 0.226).
With regard to the P2 and N2 latencies, after 6 months of BiCI use, no significant 
difference was found between the BiCI and the NH group (P2: H[1] = 2.937, p = 0.087; 
N2: H[1] = 2.937, p = 0.087). At sessions 2 and 3, between the 3 groups, no significant 
differences were found either for the P2 latencies (12mo: H[2] = 4.702, p = 0.095; 24mo: 
H[2] = 2.160, p = 0.340) or for the N2 latencies (12mo: H[2] = 3.401, p = 0.183; 24mo: 
H[2] = 2.035, p = 0.361).
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Discussion
Our results showed that maturation of the auditory cortex is possible after extended 
unilateral deafness. However, our results also indicate that longer inter-implant delays 
adversely affect the auditory cortical response obtained by stimulation of the CI2. We 
used the EACR as an indirect measure of auditory maturation. Responses were 
separately evoked by the CI1 and CI2 after 6, 12 and 24 months of BiCI use.
The children within our study group were all implanted with their CI1 before the age of
3 years. Compared to a NH group, their EACR latencies (P1, N1, P2 and N2), evoked by 
the CI1, were all at age-appropriate levels after various periods of CI1 use. The 
significant decrease in EACR latencies evoked by the CI1 over time indicated that like 
children with normal hearing, synaptic efficacy still continues to increase after more 
hearing experience.
With regard to P1 peaks evoked by the CI1, our results are in accordance with those 
reported by Sharma et al.2 They found that when a child was implanted before the age of 
3.5 years, the EACR P1 latency was age-appropriate after approximately 6-8 months of 
implant use. Since in our study all CI subjects (in both the BiCI and UCI groups) had 
received their first or only implant before this age, the characteristics of our implant 
groups are comparable with the early implanted group studied by Sharma et al.2
In contrast, our results are not in line with the studies by Ponton et al.9,10 Ponton et al.9 
reported that the rate of P1 maturation of children with a CI was the same as that of 
children with normal hearing; the milestones, however, at which the peak formed, were 
extended by the duration of deafness. Furthermore, unlike children with normal 
hearing, the N1 and P2 within these CI children, even after the age of 9 years, were 
mostly absent. In children with normal hearing, the absence of the N1 and P2 peaks are 
only seen during the first years of life.13 In most of the children within our study, with 
regard to EACRs evoked by the CI1, the N1 was seen as an inflection of the P1 peak. The 
N1 peak became more pronounced after more CI experience.
The difference in results between our study and the study by Ponton et al.9 can be 
attributed to the age difference at time of CI(1) implantation. The period of unilateral 
deafness in the children studied by Ponton et al.9 was 4.5 years whereas in our study 
group the average period of unilateral deafness was 1.7 years. It is possible that age- 
appropriate auditory cortical maturation is not possible for children who are implanted 
after 4.5 years of deafness.
Within our study group, the CI2 was implanted between 1.2 and 7.2 years of CI1 use. 
After 6 and 12 months of BiCI use, EACRs evoked by the CI2 were significantly 
prolonged compared to those evoked by the CI1. After 24 months, only small differences 
in EACR latency between the 2 implant sides were found, which were only significant 
with regard to the P1 peak. This indicates persisting neural conduction delays. However,
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EACR latencies decrease significantly over time and these decrements seemed to be 
larger than those of the CI1 over time. Therefore, one may hypothesise that with regard 
to neural conduction, symmetry along both pathways may be achieved after longer 
periods of BiCI use. Comparing EACRs evoked by the CI2 of the study group and EACRs 
of the UCI and NH groups showed no differences after 12 and 24 months of BiCI use; 
EACR latencies from the CI2 were within age-appropriate levels.
The percentage of the peaks evoked by both implants over time (Table 2) showed that 
the responses from the CI2 less often elicited all EACR peaks. At the same time, 
waveform morphology of EACRs from the CI2 side was not always similar to the CI1 
side. This became particularly clear from the grand average waveforms across different 
inter-implant delays, shown in Figure 1. The RMS amplitudes also showed a significant 
difference between both implant sides; at all measurement points, the CI2 evoked 
smaller RMS amplitudes than the CI1. This was presumably caused by poor 
synchronisation of neural activity evoked by stimulation of the CI2.
In addition to investigating the period of BiCI use and auditory cortical maturation, we 
also explored the effect of inter-implant delay on the latency and RMS amplitude 
differences between EACRs evoked by the CI1 and the CI2. Regarding latencies, we did 
not find any significant correlations. It seems, therefore, that within our study group the 
inter-implant delay (1.2-7.2 years) does not influence auditory cortical maturation as 
measured by EACR latencies after bilateral implantation. One may suggest that if the CI1 
is implanted before the critical age of 3 years, adding a CI2 will lead to age-appropriate 
auditory cortical maturation. However, we found significant correlations between inter­
implant delay and RMS amplitudes after 12 and 24 months of BiCI use; children with 
longer inter-implant delays showed smaller RMS amplitudes evoked by the CI2 than 
evoked by the CI1. In addition, in children with inter-implant delays longer than 3 years, 
waveform morphology evoked by the CI2 was less distinct than that evoked in children 
with shorter inter-implant delays.
The reason we did not find a critical inter-implant delay with regard to EACR latencies is 
presumably because although monaural stimulation primarily activates the 
contralateral primary auditory cortex, monaural stimulation also stimulates the 
ipsilateral primary cortex by the uncrossed fibers, which is seen in adults with normal 
hearing.14 This idea might also apply to unilaterally implanted children: when the CI1 is 
implanted before the critical age of 3 years, both auditory cortices may be stimulated 
and lead to age-appropriate EACR latencies after a sequentially placed CI2. This 
hypothesis is supported by published case studies.11,12 Bauer et al.11 found that after 
initial CI2 device activation, the P1 latency was less delayed than after initial activation 
of the CI1. This indicates some degree of maturation of the ipsilateral auditory cortex 
prior to the second cochlear implantation. Similar findings were reported by Sharma et 
al.12 with regard to a child who received both CIs sequentially but before the critical age 
of 3.5 years. In contrast, the P1 peak evoked by the CI2 did not become age-appropriate
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in  a n o th e r  ch ild  w h o  r e c e iv e d  s e q u e n t ia l  B iC Is.12 A fter  a n  in te r - im p la n t  d e la y  o f  a lm o s t  8  
y e a r s , th is  ch ild  r e c e iv e d  th e  CI2 a t  1 0 .1  y e a r s  o f  a g e . A s th is  ch ild  h a d  a t  m o s t  9  m o n th s  
o f  BiCI e x p e r ie n c e  a t  th e  t im e  o f  te s t in g , s y m m e tr y  in  a u d ito r y  c o r tic a l m a tu r a t io n  a lo n g  
b o th  a u d ito r y  p a th w a y s  c o u ld  h a v e  b e e n  r e a c h e d  a fte r  m o r e  BiCI e x p e r ie n c e . H o w e v e r , 
th e  s tu d y  b y  G ord on  e t  a l.15 s u g g e s te d  th a t  in  b ila te r a lly  im p la n te d  c h ild r e n  w ith  lo n g e r  
in te r - im p la n t  d e la y s , a b n o r m a l ip s ila te r a l c o r t ic a l a c t iv a t io n  a p p e a r s  b y  m o n a u r a l  
s t im u la t io n  o f  th e  CI2, w h ic h  w a s  n o t  s e e n  in  c h ild r e n  w ith  n o r m a l h e a r in g  o r  c h ild r e n  
r e c e iv in g  BiCIs w ith  s h o r t  or  n o  in te r - im p la n t  d e la y s . T h e y  h y p o th e s is e d  th a t  th is  
a b n o r m a l ip s ila te r a l a c t iv a t io n  is  th e  r e s u lt  o f  c o r t ic a l r e o r g a n is a t io n  o f  th e  a u d ito r y  
c o r te x  ip s ila te r a l to  th e  CI1. T h e ir  f in d in g s  a re  in  a c c o r d a n c e  w ith  th e  s u g g e s t io n s  o f  
c o r tic a l r e o r g a n is a t io n  b y  G illey  e t  a l.16 in  p r e lin g u a lly  d e a f  c h ild r e n  im p la n te d  w ith  a 
u n ila te r a l CI a fte r  7 y e a r s  o f  a g e  a n d  b y  P o n to n  e t  a l.17 in  u n ila te r a lly  d e a fe n e d  a d u lts . 
A c c o r d in g ly , in  th e  p r e s e n t  s tu d y  w e  fo u n d  an  e f fe c t  o f  in te r - im p la n t  d e la y  o n  th e  
a m p litu d e  a n d  m o r p h o lo g y  o f  th e  r e s p o n s e s  e v o k e d  b y  th e  CI2.
In c o n c lu s io n , o u r  r e s u lt s  s h o w  th a t  s e q u e n t ia l  b ila te r a l im p la n ta t io n , e v e n  a fte r  lo n g e r  
p e r io d s  o f  CI1 s t im u la t io n , le a d s  to  a g e -a p p r o p r ia te  EACR la te n c ie s  in  c h ild r e n  w ith  
p r o fo u n d  s e n s o r in e u r a l d e a fn e s s . W ith in  su b je c ts , h o w e v e r , s o m e  s ig n if ic a n t  d if fe r e n c e s  
in  EACRs w e r e  s t i l l  p r e s e n t  a fte r  2 4  m o n th s  o f  BiCI u se . W ith  r e g a r d  to  EACR la te n c ie s ,  
th e  P 1  e v o k e d  b y  th e  CI2 w a s  s ig n if ic a n t ly  p r o lo n g e d  in  c o m p a r is o n  to  th e  P 1  e v o k e d  b y  
th e  CI1. N o e f fe c t  o f  in te r - im p la n t  d e la y  w a s  fo u n d  fo r  la te n c ie s . RMS a m p litu d e s  e v o k e d  
b y  th e  CI2 w e r e  s ig n if ic a n t ly  sm a lle r  th a n  th o s e  e v o k e d  b y  th e  CI1, e v e n  a fte r  2 4  m o n th s  
o f  BiCI u se . In te r - im p la n t  d e la y  h a d  a s ig n if ic a n t  a d v e r s e  e f fe c t  o n  th e  RMS a m p litu d e  
a n d  w a v e fo r m  m o r p h o lo g y  e v o k e d  b y  th e  CI2. T h is  le a d s  u s  to  b e l ie v e  th a t  th e r e  m a y  b e  
a cr it ic a l in te r - im p la n t  d e la y  a t  w h ic h  th e  CI2 sh o u ld  b e  r e c e iv e d  to  o b ta in  c o m p a r a b le  
a u d ito r y  c o r tic a l r e s p o n s e s  fro m  b o th  im p la n t  s id e s .
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Introduction
In the Netherlands, deaf children and children with a profound to severe sensorineural 
hearing loss are commonly provided with a unilateral cochlear implant (CI). Although 
unilateral hearing generally leads to good speech perception in quiet environments, 
considerable difficulties remain with hearing in noise and spatial hearing.1 For subjects 
with normal hearing, the primary advantages of listening with 2 ears are improved 
speech perception in quiet and in noise and improved sound source localisation.2 Lieu3 
showed that school-age children with several degrees of unilateral hearing loss were at 
risk for speech-language delays and educational grade failures. As the majority of 
children with a CI attend mainstream school settings, the consequences of unilateral 
fitting are a serious matter of concern. One way to overcome the primary difficulties of 
hearing in noise and the lack of spatial hearing is to provide bilateral CIs (BiCIs). Several 
CI centres across the world provide sequential bilateral implantation. Below, we give a 
brief overview on the primary clinical advantages of BiCIs as reported in the literature.
Several studies have reported a bilateral benefit for speech recognition in quiet.4-6 
Gordon and Papsin4 assessed the effect of inter-implant interval on their results for 
speech recognition. They divided the children within groups of no interval 
(simultaneous implantation), short intervals (6-12 months) and long intervals (>2 
years) between the 2 implantations. They also included a group of children with a long 
period of bilateral deafness (>3 years), who also had a long inter-implant interval (>2 
years). Their results showed noticeable bilateral advantages in children with short or no 
inter-implant intervals, whereas the children with long inter-implant intervals did not. 
The children in the study by Kuhn-Inacker et al.,5 who had relatively small inter-implant 
intervals of on average 1.6 years, also showed a significant bilateral advantage when the 
BiCI condition was compared to the best CI alone condition. Their results were in 
accordance with the results shown in the groups with short or no inter-implant intervals 
studied by Gordon and Papsin.4 In contrast with the results in the long inter-implant 
interval groups of Gordon and Papsin,4 Scherf et al.6 reported that children who received 
their second CI (CI2) relatively late in life (>6 years of age) and after long periods of 
unilateral CI use, eventually developed a significant bilateral advantage for speech 
recognition in quiet. For children who received the CI2 before the age of 6 years, 
bilateral advantages emerged more rapidly. However, we cannot draw a firm conclusion 
on the cause of differences between the 2 groups studied by Scherf et al.6 As opposed to 
the younger age group, the older age group did not only receive the CI2 at a later stage in 
life, but also the age in receiving the first CI (CI1) was considerably higher. Nevertheless, 
it was clear that the duration of BiCI use was of influence on the appearance of a 
bilateral advantage. Therefore, one may conclude that a bilateral advantage for speech 
recognition in quiet is dependent on: 1) the inter-implant interval and 2) the duration of 
BiCI use.
Bilateral advantages for speech recognition in noise are generally reported in all BiCI 
studies when speech and noise are spatially separated.5,7-12 Especially when the added
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CI lay in the head shadow with regard to the noise.7,8,10 Factors of influence were not 
assessed in these 3 studies.7,8,10 When coincident speech and noise was presented, 
bilateral advantages were also seen,4,6,13 although they were smaller than when speech 
and noise was spatially separated.13 In the study by Gordon and Papsin,4 the bilateral 
advantage was only seen within the groups with short bilateral deafness (<3 years). 
Scherf et al.6 found bilateral advantages in noise for both age groups, although within the 
children who received the CI2 later in life this advantage emerged after longer periods of 
BiCI experience compared to the group of children who received the CI2 earlier in life. 
As Peters et al.13 had relatively small groups, the effect of age in receiving the CI2 on the 
advantage of BiCI in noise could not be investigated. Therefore, as with the results for 
speech recognition in quiet, the results for speech recognition in noise when coincident 
speech and noise was presented, also seemed to be influenced by 2 factors: 1) the inter­
implant interval and 2) the duration of BiCI use.
The studies with regard to directional hearing were somewhat difficult to compare, as 
they all used different test set-ups. With regard to lateralisation skills, 2 studies showed 
that left-right discrimination was significantly better within the BiCI condition than with 
either CI alone8 or compared to children with a unilateral CI.9 Results on lateralisation 
skills reported by Litovsky et al.,14 who calculated a minimum audible angle (MAA), 
showed significantly smaller MAAs in the BiCI condition than in the CI alone conditions. 
Both Steffens et al.11 and Lovett et al.9 reported on a 3-alternative forced choice task, in 
which a significant bilateral advantage was found. With regard to localisation skills with 
the use of multiple loudspeakers, Galvin et al.7 did not find a bilateral advantage, 
whereas Van Deun et al.,15 who did not compare bilateral and unilateral localisation 
skills, did find mean group scores that were above chance level for 30 children with 
BiCIs.
When comparing the abovementioned child studies with studies on adults with BiCIs, 
some remarkable differences are found. Firstly, as opposed to the child studies, the adult 
studies have greater strength of evidence, because they generally include larger 
numbers of subjects and the study designs are commonly ranked higher.16,17 Secondly, 
apart from the methodological differences, the bilateral advantages within children 
seemed to be smaller and less consistent as opposed to adult studies.16,18 Some children 
may gain no additional benefit from BiCIs at all. The difference in outcomes between 
child and adult studies may be caused by: 1) the difficulty in testing young children and 
2) the fact that for prelingually deaf children no development of binaural abilities has 
taken place prior to bilateral implantation. With regard to the latter reason, there may 
be a critical period in which BiCIs must be provided within prelingually deaf children to 
obtain bilateral benefits. As described above, the inter-implant interval is also an 
important influential factor. Hence, for children with sequential BiCIs it is of interest 
whether there is a critical period in which the CI2 must be provided to gain (the 
greatest) bilateral advantages and how long it takes for these advantages to occur. 
Furthermore, the results within subjects by switching on and off a device, as most
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studies report on, can bias the results. Therefore, it is also important to study the 
bilateral advantages as compared to a matched group of unilaterally implanted children 
(between-subjects design).
The current study aimed to assess the possible primary advantages of bilateral hearing 
(i.e. lateralisation and speech perception in quiet and noise) within a group of 29 
children who received BiCIs sequentially. The influence of age in receiving the CI2 on the 
size of the gain in bilateral advantage was also assessed. This was possible, because the 
children within our study group received their CI1 at approximately the same age, 
whereas the age in receiving the CI2 ranged considerably. The group was followed 
longitudinally to investigate if and when the different bilateral advantages emerged. 
Furthermore, a control group of 9 children with a unilateral CI was included to exclude 
that the results within subjects were biased by switching on and off a device.
Methods
Subjects
Bilateral CI group
The 30 children in our study group were recruited from the Cochlear Implant Centre 
Nijmegen | St. Michielsgestel and received sequential BiCIs (Nucleus® 24 multichannel 
devices, Cochlear Corp., Australia) between April 2006 and June 2007. The criteria for 
bilateral implantation were: no residual hearing in the non-implanted ear; no benefit 
from a contralateral conventional hearing aid; no developmental, learning and/or 
behavioural deficits; no progressive systemic disease; no ossified cochleae; no 
anatomical malformations that could hinder full insertion of electrode array or would 
stimulate the facial nerve; and no medical condition that contraindicates the use of 
general anaesthesia during the implant procedure. The maximum age at second 
implantation was set at 8.9 years. All parents provided written consent before their child 
received the CI2. During the research project 1 child was excluded from this project due 
to auditory processing difficulties. Therefore, the total number of children within this 
study was 29.
Mean age at time of CI1 implantation was 1.8 years (SD: 0.5 years; range: 1.1-2.7 years) 
while the mean age at CI2 implantation was 5.3 years (SD: 1.6 years; range: 2.8-8.5 
years). All the children had congenital deafness except 3 who had acquired deafness as a 
result of meningitis. Full insertion of the electrode array into the cochlea was achieved 
in all cases. Full subject characteristics are listed in Table 1.
Unilateral CI group
The 9 control children with a unilateral CI (Nucleus® 24 multichannel devices, Cochlear 
Corp., Australia) (referred to as the UCI group) were matched with the BiCI group for: 1) 
age at unilateral implantation, 2) chronological age, and 3) degree of bilateral deafness 
(thus these children had no residual hearing and were not candidates for bimodal 
fitting). All the children were prelingually deaf and did not have any diagnosed
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developmental, learning and/or behavioural deficits. They had received their CI at a 
mean age of 1.6 years (range: 0.8-2.0 years). Full insertion of the electrode array into the 
cochlea was achieved in all cases. The subject characteristics for these subjects are also 
listed in Table 1. Initially, all the subjects in the UCI group fell within the criteria for 
bilateral implantation, but the parents of these children had decided not to proceed with 
the surgery for various reasons (e.g. the risk of affecting the vestibular system due to 
implantation and the burden of the operation and rehabilitation on the child).
Table 1 Details with regard to the subject characteristics.
Subject
ID Sex
Age onset 
deafness
(yr)
Risk factors for 
hearing loss
AgeCIl
(yr)
Age CI2
(yr)
Interval
CI1-CI2
(mo)
Side
CI1
BiCIl M 0.0 Waardenburg 1.3 8.5 86 right
BÌCI2 M 0.0 unknown 2.4 7.8 65 right
BÌCI3 M 0.0 hereditary 2.3 7.8 67 left
BiCI4 F 1.1 meningitis 2.0 7.2 62 right
BÌCI5 F 0.0 unknown 1.3 7.0 69 right
BÌCI6 F 0.0 unknown 2.0 6.9 59 right
BÌCI7 F 0.0 unknown 2.3 6.8 55 right
BÌCI8 F 0.0 unknown 2.7 6.7 48 right
BÌCI9 F 0.2 meningitis 2.0 6.0 48 right
BiCUO F 0.0 unknown 2.6 5.9 40 right
BiCIll M 0.0 Waardenburg 1.5 5.9 53 right
BÌCI12 F 0.4 meningitis 2.1 5.8 44 right
BÌCI13 M 0.0 unknown 2.3 5.5 39 right
BÌCI14 M 0.0 unknown 1.2 5.5 52 left
BÌCI15 F 0.0 unknown 2.1 5.1 36 right
BÌCI16 M 0.0 premature birth 2.1 5.0 35 right
BÌCI17 M 0.0 unknown 1.4 5.0 43 right
BÌCI18 F 0.0 unknown 2.1 4.9 34 right
BÌCI19 F 0.0 Waardenburg 1.3 4.7 40 right
BÌCI20 F 0.0 unknown 1.8 4.5 32 right
BÌCI21 F 0.0 DFNB1 1.6 4.5 35 right
BÌCI22 M 0.0 Usher 1.1 4.5 41 right
BÌCI23 F 0.0 DFNB1 2.2 3.8 20 left
BÌCI24 M 0.0 cytomegalovirus 1.3 3.8 31 right
BÌCI2S M 0.0 GJB2 gene mutation 2.2 3.6 17 left
BÌCI26 M 0.0 unknown 1.2 3.3 25 right
BÌCI27 M 0.0 unknown 2.0 3.2 14 right
BÌCI28 M 0.0 unknown 1.5 3.2 20 right
BÌCI29 M 0.0 hereditary 1.3 2.8 18 right
UCI1 F 0.0 unknown 1.9 right
UCI2 F 0.0 unknown 1.3 right
UCI3 F 0.9 meningitis 1.6 left
UCI4 F 1.2 meningitis 1.8 left
UCI5 M 0.0 unknown 2.0 left
UCI6 M 0.0 hereditary 1.3 left
UCI7 M 0.0 DFNB1 1.4 right
UCI8 F 0.0 Usher 1.8 right
UCI9 M 0.0 unknown 0.8 right
CI1, indicates first cochlear implant; CI2, second cochlear implant; F, female;
M, male; mo, months; yr, year.
All the children used the Advanced Combination Encoder (ACE) coding strategy. For the 
children with BiCIs, pulse rates and widths were the same between the 2 implants.
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Integrity of the second implant
After CI2 activation, the children with BiCIs visited the rehabilitation centre at St. 
Michielgestel 3 times within the first month and again after 3, 6, 12, and 24 months of 
BiCI use. During these visits their maps were readjusted and some training sessions 
were provided. As loudness balancing is difficult to achieve in children, we decided not 
to perform loudness balancing between the 2 implants. Instead, to assess if loudness 
differed between the 2 CIs, free-field audiometry was conducted and thresholds (from 
0.25 to 4 kHz) were compared between the 2 CI sides. Readjustments were made if the 
threshold difference between the 2 implants was more than 5 dB at any frequency. For 
device integrity purposes, speech recognition in quiet was tested with the NVA (Dutch 
Audiology Society) children’s test. The test consists of 15 lists of 11 CVC words that were 
presented at a distance of 1 meter in front of the child at 65 dB SPL (0° azimuth). In each 
condition (CI1 alone, CI2 alone, and BiCI) a minimum of 2 lists were presented and a 
percentage correct phoneme score was calculated.
After 24 months of BiCI use, all the children developed speech perception skills with the 
CI2 alone. Table 2 presents aided pure-tone averages (PTAs) averaged across the 
frequencies between 0.25 and 4 kHz, speech reception thresholds (SRTs) obtained on 
the Dutch Automated Toy Discrimination Test (Dutch ATT) (refer to procedure for 
details) and speech recognition scores obtained on the NVA children’s test in the CI1 and 
CI2 alone conditions after 24 months of BiCI use. The information in Table 2 indicates 
that the CI2 alone functions effectively in all the children, although performance is still 
somewhat poorer than with the CI1 alone for all 3 outcomes.
Table 2 Mean aided PTA threshold, speech recognition and speech reception 
thresholds for CI1 and CI2 alone as obtained after 24 months of bilateral implant 
use.
Mean
CU CI2 CI1
SD
CI2 CI1
n
CI2
PTA, dB HL 25 28 4 5 28 28
SRT, dB HL 23 30 5 6 27 27
SR65, % phonemes correct 90 81 8 13 30 30
PTA, indicates pure-tone averages between 0.25-4 kHz; SR65, speech recognition 
at 65 dB SPL.
Paired-samples t tests showed that the difference in outcomes between implants 
is significant (p < 0.01).
Procedure
The study group was assessed before the second implantation and after 6, 12 and 24 
months of BiCI use. The children with a UCI were only measured twice, with an interval 
of 1 year between the 2 measurements. Their results were compared to those obtained 
from the study group after 12 and 24 months, respectively. At these assessm ent points, 
no difference in the amount of experience with the CI(1) was found between the UCI 
group and the BiCI group (12mo: t[36] = -0.3, p = 0.803; 24mo: t[36] = -0.5, p = 0.613). 
After 12 months of BiCI use, the study group had on average 4.7 years of CI1 experience
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(SD: 1.4 years), whereas the mean CI1 experience of the UCI group was 4.8 years (SD: 2.0 
years).
Speech perception
Preoperatively, speech perception in quiet was tested with the CI1 alone, whereas 
postoperatively, it was tested with the CI1 and CI2 alone and in the BiCI condition. The 
test used to measure speech perception in quiet was the Dutch ATT,19,20 in which an SRT 
is obtained at which 71% of the trials lead to a correct response.21 Speech materials 
contained sets of 4 monosyllabic word pairs presented in a closed-set. Six reversals were 
applied. The test was administered in a sound-treated booth.
For speech reception in noise, 60 dB SPL fixed speech-shaped noise was added at (-)90° 
azimuth on the CI1 or only implant side. At each assessm ent point the Dutch ATT was 
first carried out in noise. Based on the child’s ability to complete the task, we then 
administered the test in quiet.
For children with BiCIs, an additional noise condition was carried out after 24 months of 
BiCI experience. Coincident speech and noise were presented at 0° azimuth, enabling us 
to calculate the spatial release from masking (SRM). SRM is the improvement in SRT 
relative to speech and noise coming from the same sound source when speech and noise 
are spatially separated.22 The calculation of the SRM was defined as:
SRM = SNRBiCI-S0°NCI1 -  SNRBiCI-S0°N0°.
Directional hearing
As preoperatively the BiCI group could not lateralise above chance with the CI1 alone, 
we decided not to assess the directional hearing of the UCI group.
Directional hearing was administered in a sound-treated booth. In Table 3, the different 
directional hearing tests can be seen. Preoperatively and postoperatively after 6 and 12 
months of BiCI experience, a lateralisation task was assessed. Pre-recorded and filtered 
(0.5 - 4 kHz) common children’s songs were presented as stimuli at a fixed level of 65 dB 
SPL. Two loudspeakers were positioned at -90 and 90° azimuth. The child was seated 
between the 2 loudspeakers while an experienced assistant sat in front of the child to 
keep him /her distracted to avoid head movements. Visual Reinforcement Audiometry 
was also used for children under the age of 5 years.23 The children who were 
approximately 5 years or older were asked to point to the loudspeaker that they thought 
the stimulus originated from. A total of 20 stimuli were presented at random between  
both loudspeakers. Lateralisation results were significantly above chance level (a = 
0.05) when at least 15 of these 20 stimuli (70.9%) were correctly identified. Before 
actual testing, a practice run was presented.
106
Sequential bilateral cochlear implantation in children: the primary auditory abilities
For the preoperative measurements, the loudspeakers were only placed at -90 and 90° 
azimuth whereas postoperative measurements included other angles (Table 3). First, 
loudspeakers were placed at -30 and 30° azimuth. When performance was significantly 
above chance level, the lateralisation task was repeated with the loudspeakers at -15 
and 15° azimuth. If the child failed the lateralisation task when loudspeakers were 
placed at -30 and 30 azimuth, the task was repeated with the loudspeakers at -90° and 
90° azimuth. Tests were only carried out in the BiCI condition.
Table 3 Directional hearing tests
Preoperative 6 months 12 months 24 months
Test lateralisation lateralisation lateralisation MAA
Condition CI1 alone BiCI BiCI BiCI/CIl alone
Angles -90;90° -30;30°
-90;90° (if-30;30° 
performance was at 
chance)
-15;15°(if-30;30° 
performance was 
above chance)
-30:30°
-90:90° ( if -30:30° 
performance was at 
chance)
-15;15° (if -30:30° 
performance was 
above chance)
adaptive procedure
BiCI indicates bilateral cochlear implant; CI1, first cochlear implant; CI2, second cochlear implant; 
MAA, minimum audible angle.
After 24 months of BiCI use, we used a different adaptive test set-up: a so-called MAA 
task using the same stimuli as the lateralisation task. The loudspeakers were positioned 
in an arc with a radius of 1 meter, with the child seated in the middle. The test started 
with loudspeakers positioned at -90° and 90° azimuth. First, a practice run was 
presented. After starting the actual test, 4 targets were presented at each loudspeaker 
position. When 4 targets were correctly identified at -90° and 90° azimuth, the 
loudspeakers were repositioned 45° towards the centre. If the child failed at the first 
angle, another 4 stimuli were presented. If the child failed again, the test was ended. The 
second relocation was 15° towards: 1) the centre, if 4 stimuli were correctly identified 
or 2) the sides, if the stimuli were not correctly identified. The subsequent repositions 
were in order of 5° towards the centre/sides and counted as a reversal. To detect a MAA, 
a total of 4 reversals were applied to calculate it. The MAA task was performed in the 
BiCI condition as well as the CI1 alone condition.
Data analyses
Statistical analyses were performed using SPSS 17.0 for Windows. In each analysis, the 
level of statistical significance was set at an a of 5%. In the speech perception tests, 
conditions (CI1 alone, CI2 alone, BiCI) were compared for each assessm ent point using 
repeated measures analyses. To establish if conditions changed over time and to see if 
changes over time were different between the test conditions, a repeated measures 
analysis was also used. When 3 or more within-subject factors were included in the 
repeated measures analysis, degrees of freedom were adjusted (Huynh-Feldt
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adjustment). Before carrying out pairwise comparisons, adjustments for multiple 
comparisons were made (Bonferroni correction). To compare the BiCI group with the 
UCI group, the between-subject factor “group” was entered into the repeated measures 
analysis after 12 and 24 months. Paired-samples t  tests were used with regard to: 1) the 
size of bilateral advantage as compared to the best CI alone condition, and 2) the SRM. 
MAAs between the BiCI condition and the CI1 alone condition were compared using the 
Wilcoxon signed-rank test for related samples. Furthermore, if significant bilateral 
advantages were found, we calculated the correlation coefficients between age at 
implantations and the size of the bilateral advantage (Pearson’s correlation coefficient). 
As chronological age correlated significantly with age at CI2 (r[29] = 0.998, p < .001), 
this factor was not taken into account.
Results
Speech perception  
Dutch ATT in quiet
In Figure 1 we present the results for SRTs in quiet as measured by the Dutch version of 
the ATT. In this figure, a higher SRT reflects a poorer performance than a lower SRT. At 
each assessment point the different conditions of the BiCI group are depicted (CI1 alone, 
CI2 alone, BiCI) and after 12 and 24 months of BiCI experience the results of the UCI 
group is depicted as well. To give an indication how CI children perform in comparison 
to children with normal hearing, mean SRTs are displayed relative to the average SRT of 
24 dB SPL that children with normal hearing obtain on the Dutch ATT. Not all children in 
the BiCI group completed the testing due to their limited concentration span. In the 
preoperative condition, the speech perception performance of 1 child was too poor to 
perform the test.
Speech reception in quiet for the 3 conditions within the BiCI group (CI1 alone, CI2 
alone, BiCI) was compared for each measurement point separately. At each 
postoperative measurement point, SRTs differed significantly between the 3 conditions 
(6mo: F[2, 30] = 18.4, p = 0.000; 12mo: F[2, 44] = 37.1, p = 0.000; 24mo: F[2, 52] = 57.4, 
p = 0.000). Pairwise comparisons showed that at each measurement point SRTs in the 
BiCI condition as well as the CI1 alone condition were significantly better than the CI2 
alone condition (p < 0.001). As compared to the CI1 alone condition, the BiCI condition 
was only significantly better after 6 and 24 months of BiCI experience (6mo: p < 0.01; 
12mo: p = .054; 24mo: p < .001).
A repeated measures analysis over time showed that SRTs improved significantly (F[2, 
28] = 8.6, p < 0.01) and that no difference in improvement was seen between the 3 
conditions (F[4, 56] = 0.6, p = 0.600).
The size of the bilateral advantage was also determined by comparing SRTs between the 
BiCI condition and the best CI alone condition. A significant bilateral advantage of 3.4 dB 
was already found after 6 months, which improved to 4.8 dB after 24 months (p < 0.01).
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To see if there were factors influencing the bilateral advantage, correlation coefficients 
were calculated between the size of the bilateral advantage for the different 
measurement points and age at CI1 and age at CI2. No significant correlations were 
found (p > 0.05).
Preoperative 6 months 12 months 24 months 
(n=28) (n=16) (n=23) (n=27)
Figure 1 Mean results for the ATT in quiet over time with the CI1 and CI2 alone 
and with BiCIs. At 12 and 24 months the performance of the UCI group is also 
depicted. The bars indicate the standard error of the mean. The numbers at each 
m easurement point refer to the number of subjects with bilateral implants that 
were tested. Children with normal hearing obtain an average speech reception 
threshold of 24 dB SPL.19
When results of the BiCI group were compared to the UCI group, no significant 
difference was found (12mo: F[1, 30] = 1.8, p = 0.193; 24mo: F[1, 35] = 1.5, p = 0.229). 
However, when the results of the UCI group were compared to that of the CI2 alone 
condition of the BiCI group after 24 months, the UCI group showed significantly better 
SRTs than the study group (F[1, 35] = 13.0, p < 0.01).
Dutch ATT in noise
Figure 2 presents the results for speech reception in noise. The results are shown as 
signal-to-noise ratios (SNRs). The SNRs were calculated by subtracting the fixed noise 
level of 60 dB SPL from the obtained SRT. In this figure, a higher SNR reflects a poorer 
performance than a lower SNR. As this task was too difficult for some young children to 
accomplish, not all children were tested in all noise conditions prior to CI2 surgery and 
after 6 and 12 months of BiCI use.
When speech reception in noise was compared between the 3 conditions over time, the 
main factors “time” and “condition” were significant (time: F[2, 48] = 35.6, p < 0.001; 
condition: F[2, 48] = 24.9, p < 0.001). The significant interaction between the main
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factors “time” and “condition” (F[4, 96] = 7.6, p < 0.001) indicated that the improvement 
in performance in the CI2 condition was larger than that of the CI1 alone or the BiCI 
condition. Repeated measures analyses, carried out for the 3 postoperative 
measurement points separately, also showed that main factor “condition” was 
significant (6mo: F[2,50] = 21.7, p < 0.001; 12mo: F[2,54] = 13.9, p < 0.001; 24mo: 
F[2,56] = 16.3, p < 0.001). However, pairwise comparisons showed that only after 6 
months of BiCI use all conditions differed significantly, with the BiCI condition leading to 
the most favourable SNR and the CI2 alone condition to the most unfavourable SNR (p <
0.05). After 12 and 24 months, the BiCI condition still led to the most favourable SNR, 
but no significant difference was found between the CI1 alone and CI2 alone conditions 
(12mo: p = 0.070; 24mo: p = 1.00).
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55
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-3.0
□ CM alone
□ BiCI (S0°N0°)
■ CI2 alone 
□ UCI group (n=9)
□ BiCI
-9 0 * -  Preoperative 6 months 12 months 24 months 
(n=22) (n=26) (n=28) (n=29)
Figure 2 Mean results for the ATT in noise (S°NCI1) over time with the CI1 and 
CI2 alone and with BiCIs. At 12 and 24 months the performance of the unilateral 
control group is also depicted. After 2 4  months a second noise condition is added 
(S0°N0°) for the bilateral subjects, which is only tested in the bilateral condition. 
The bars indicate the standard error of the mean.
Although the CI2 lay in the head shadow with regard to the noise, subjects did not 
always perform better or the same with the CI2 alone as compared to the CI1 alone 
(Figure 2). The proportion of children who demonstrated a better performance with the 
CI2 alone as compared to the CI1 alone was 22%, 36% and 52% after respectively 6, 12 
and 24 months of BiCI use. To calculate the bilateral advantage in this particular speech 
and noise set-up (S0°NCI1), the BiCI condition was subtracted from the best CI alone 
condition. After 6, 12 and 24 months, 69, 64 and 76% of the children demonstrated a 
bilateral advantage over the best CI alone performance, which ranged between 1 and 11 
dB after 24 months of BiCI use. To verify if there were within-subject factors influencing 
the bilateral benefit, correlation coefficients were calculated between the gain in 
bilateral advantage at each measurement point and either the age at CI1 or the age at 
CI2. No significant correlations were found (p > 0.05).
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After 12 months, when the results of the group of children with a UCI were compared to 
the study group, no significant differences were seen (F[1, 35] = 0.6, p = 0.427). 
However, after 24 months, the study group using BiCIs had significantly lower SNRs 
compared to the children with a UCI (F[1, 36] = 10.1, p < 0.01).
After 24 months, an additional noise condition was added for the BiCI group in which 
coincident speech and noise was presented in front of the child (the BiCI-S0°N0° 
condition). This additional noise condition was only carried out in the BiCI condition. 
From the 2 noise conditions, we calculated the SRM. The mean SRM of 1.8 dB, when 
noise shifted to the CI1 side was significant (t[28] = -2.2, p < 0.05).
Directional hearing
In Figure 3 the results for the lateralisation test are shown. At each measurement point, 
the percentage of children is depicted in whom lateralisation was at chance level or 
significantly above chance level. With regard to the latter group, for each child the 
smallest angle at which performance was significantly above chance level was 
determined (±90°, ±30° or ±15°). In Figure 3 the different shades of gray within the bars 
present these children converted into a percentage of the group. As can be seen from 
these results, preoperatively none of the children could lateralise, whereas 
postoperatively this percentage was 57% and 63% after respectively 6 and 12 months of 
BiCI use. Although, it should be noted that the number of children performing the 
lateralisation task preoperatively and after 6 months was considerably lower than after 
24 months of BiCI use.
■ Nolateralisation ■Latéralisation: ±90° 
□ Lateralisation: ±30° □ Lateralisation: ±15°
preoperative (n=8) 6 months (n=14) 12 months (n=27)
Figure 3 The percentage of children who could 1) not lateralise significantly 
above chance level, 2) lateralise significantly above chance level with 
loudspeakers placed at ±90°, ±30° and ±15° azimuth. In the postoperative 
condition, the children were only tested with BiCIs activated.
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After 24 months of BiCI use, all children participated in the MAA task. However, only 
83% of the children could lateralise significantly above chance to obtain a MAA in the 
BiCI condition and in 41% in the CI1 alone condition. Figure 4 presents the individual 
results of the MAA test. The MAAs are plotted against the age at which the children 
received the CI2. The mean loudspeaker location of the MAA was ±42° (range: ±15-90°) 
and ±78° (range: ±40-90°) for the BiCI and the CI1 alone conditions, respectively. MAAs 
for the 2 conditions were compared and showed a significant smaller MAA in the BiCI 
condition compared to the CI1 condition (p < 0.01). No significant correlations were 
found between the MAA in the BiCI condition and age at CI1 and CI2 (p > 0.05). 
However, a significant negative correlation was found between the MAA in the CI1alone 
condition and age at CI2 (r[12] = -0.863, p < 0.001).
•  CM alone oBiCI
Age at second implant (years)
Figure 4  Data on MAAs in children with BiCIs plotted against age in receiving the 
CI2. MAAs are expressed for loudspeaker locations. An MAA could be measured 
in 83% (BiCI condition) and 41% (CI1 alone condition) instances.
Discussion
This study showed that on average, several bilateral advantages appeared after the 
second implantation for children with sequential BiCIs. With regard to SRTs in quiet, a 
significant bilateral advantage compared to either the CI1 or the CI2 alone condition was 
already present after only 6 months of BiCI use. When comparing the bilateral condition 
with the best CI alone condition, a significant bilateral advantage was found at all 
assessment points. This bilateral advantage increased from 3.4 dB after 6 months to 4.8 
dB after 24 months of BiCI use. For individuals with normal hearing, an advantage of 
approximately 3 dB is found at threshold level and at comfortable levels this effect is 
even larger (5 to 6 dB).1,2 Although clear bilateral advantages were seen within the 
children, no significant differences were found between SRTs in children wearing BiCIs
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and children wearing a UCI. It should be noted that SRTs directly depend on aided PTAs, 
thus sound processor settings and therefore, comparison of SRTs in quiet between 
subjects is less meaningful. In contrast, speech reception in noise, which is a supra- 
threshold measurement, is fairly independent of the device settings and therefore, the 
comparison between the BiCI group and the UCI group is of more significance.
With regard to speech perception in noise (S0°NCI1), a significant bilateral advantage 
compared to either the CI1 or the CI2 alone condition was already seen after 6 months of 
BiCI use. After 24 months, group results showed that the children with BiCIs had 
significantly better SNRs in noise than children with a UCI. When comparing the 2 
unilateral conditions of the BiCI children, results showed that the children did not have 
better SNRs with the CI2 alone as compared to the CI1 alone, notwithstanding the fact 
that noise was always presented at the CI1 side. Initially after 6 months of BiCI use, 
performance with the CI2 alone was significantly worse than the performance with the 
CI1 alone condition. After 12 and 24 months, the 2 CI alone conditions did not differ. 
However, after 24 months of BiCI use, 52% of the children performed better in the CI2 
alone situation than the CI1 alone condition.
Our results for speech perception in noise are in accordance with the results of studies 
using a similar test set-up.7,8,13 Although, it should be noted that Galvin et al.8 used a 
speech detection test. In these studies an obvious bilateral advantage was seen as 
opposed to the CI1 alone condition. Galvin et al.7,8 found a bilateral advantage of 
approximately 3 dB for children who received the CI2 after the age of 4 years7 and an 
advantage of 4 dB for the children who received the CI2 before the age of 4.8 These 
children were tested after an average of 6 to 7 months of BiCI use. Their findings are 
similar to our results after 6 months of BiCI use (6mo: 3.2 dB; 12mo: 4.3 dB; 24mo: 6.2 
dB). However, when Galvin et al.8 compared the results of the BiCI condition to the CI2 
alone condition, no significant bilateral advantage was found. Within our study, the 
bilateral advantage compared to the CI2 alone condition was even greater as opposed to 
the CI1 alone condition after 6 and 12 months (6mo: 13.9 dB; 12mo: 9.1 dB; 24mo: 6.0 
dB). This was probably caused by the poorer performance with the CI2 alone as 
compared to the performance with the CI1 alone for the children in our study with 
regard to speech perception in quiet. This was also seen in the subjects studied by Wolfe 
et al.12 and Peters et al.13 Wolfe et al.12 showed that performance with the CI1 and CI2 
alone were only comparable when the children received the CI2 before the age of 4 
years. This was also seen in the youngest age group of Peters et al.,13 in which the CI2 
was received between 3 and 5 years of age, but not in the older age groups (group II: age 
CI2 5-8 years; group III: age CI2 8-13 years). The difference in performance between the 
CI1 and CI2 alone conditions in our study might also have been caused by the 
rehabilitation programme. Due to ethical concerns, we chose not to advise the children 
to listen with the CI2 alone in order to catch-up in performance with the CI1. 
Nevertheless, the children still showed a clear bilateral advantage in speech perception. 
In addition, our results support those of other studies4,6 indicating that the period of BiCI
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use influences the size of the bilateral advantage. As our results showed significant 
improvements over time, the bilateral advantage and/or the performance of the CI2 
alone may be even greater and/or better after more BiCI experience.
After 24 months of BiCI use, we also measured the SRM when noise was shifted from the 
front to the CI1 side. We found a significant SRM of 1.8 dB. Mok et al.10 reported a non­
significant SRM when noise was shifted to the CI1 side. Perhaps, the difference between 
their results and ours was the age at CI2. The mean age at which the children studied by 
Mok et al.10 received the CI2 was 8.9 years. In addition, the children studied by Lovett et 
al.9 did show a significant SRM when noise was shifted to the CI1 side of on average 4.8 
dB. These children had approximately 19 months of BiCI use. Although, Lovett et al.9 did 
not find a statistical significant difference between the children who were implanted 
simultaneously and those who were implanted sequentially, the mean SRM of 2.5 dB for 
the sequential group was comparable to the SRM of 1.8 dB we found.
Our lateralisation results showed that the children could not lateralise prior to second 
implantation, whereas postoperatively, lateralisation was found in 57% of the children 
after 6 months and in 83% of the children after 24 months of BiCI use (MAA task). Group 
results showed a MAA of ±42°, which was rather large compared to the results found in 
other studies.14,15,24 These studies reported on MAAs of approximately twice as small as 
ours. This discrepancy may reflect the attention requirements of the task, as most 
children had difficulty performing this task. There was also a high variability in 
performance between subjects. Performance variability was also reported by Van Deun 
et al.15
As the children within our study group all received the CI1 at approximately the same 
age, we were able to investigate the effect of age at time of CI2 implantation on task 
performance. Although the age range for receiving the CI2 was wide, it could not explain 
the individual differences for all outcomes. With regard to directional hearing, this was 
in accordance with Van Deun et al.,15 who also found no effect of age in receiving the CI2 
on localisation performance. However, an effect was found when Van Deun et al.15 
removed children who wore contralateral hearing aids prior to second implantation 
from the data set. In our group, none of the children wore a contralateral hearing aid 
prior to second implantation. The discrepancy between the results of Van Deun et al.15 
and our results is probably caused by the fact that Van Deun et al.15 also included 
children who were implanted earlier and later than the children in our group for both 
the CI1 and CI2 implantation. With regard to the performance with the CI1 alone, age at 
CI2 was significantly correlated with MAA. As children became older, they were able to 
lateralise with their CI1 to some extent and MAAs became significantly smaller as age 
increased. This was presumably caused by the cognitive component in lateralisation 
tasks. As we did not compensate for interaural level and spectral differences caused by 
head shadow, these cues were available. Such cues could have been used by the older 
children. This is in accordance with the results of Steffens et al.11 who also reported
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s ig n if ic a n t  la te r a lis a t io n  s c o r e s  fo r  u n ila te r a l p e r fo r m a n c e  fo r  c h ild r e n  w ith  BiCIs o f  
a p p r o x im a te ly  th e  s a m e  a g e  a s  th e  o ld e r  c h ild r e n  in  o u r  s tu d y  g ro u p . N e v e r th e le s s , w ith  
th e  c u r r e n t  s p e e c h  p r o c e s s o r s ,  i t  is  n o t  e x p e c te d  th a t  r e s u lt s  o n  d ir e c t io n a l h e a r in g  w ill  
c o m e  c lo s e  to  n o r m a l h e a r in g  p e r fo r m a n c e . In p r in c ip le , d ir e c t io n a l h e a r in g  in  th e  
h o r iz o n ta l p la n e  w ith  BiCIs m a in ly  d e p e n d s  o n  in te n s ity  a n d  t im in g  c u e s . P r o c e s s in g  
t im e s  o f  th e  p r o c e s s o r s  w ill  d e te r io r a te  in te r a u r a l t im in g  d if fe r e n c e  c u e s  a n d  th e  
a d a p tiv e  a m p lif ic a t io n  o f  th e  2 in d e p e n d e n t  p r o c e s s o r s  can  e lim in a te  th e  in te r a u r a l  
le v e l  d if fe r e n c e s .
W ith  r e g a r d  to  s p e e c h  p e r c e p t io n , th e  fa c t  th a t  a g e  in  r e c e iv in g  th e  CI2 d id  n o t  a f fe c t  th e  
g a in  in  b ila te r a l a d v a n ta g e  w a s  in  a g r e e m e n t  w ith  th e  s tu d y  b y  W o lfe  e t  a l.12 b u t  n o t  
w ith  G ord on  a n d  P a p s in .4 W o lfe  e t  a l.12 d id  n o t  fin d  a d if fe r e n c e  in  th e  s iz e  o f  th e  
b ila te r a l a d v a n ta g e  b e t w e e n  c h ild r e n  w h o  r e c e iv e d  th e  CI2 b e fo r e  a n d  w h o  r e c e iv e d  th e  
CI2 a fte r  th e  a g e  o f  4  y e a r s . G ord on  a n d  P a p s in 4 d id  n o t  r e p o r t  o n  th e  e f fe c t  o f  a g e  a t  CI2, 
b u t  fro m  th e ir  su b je c t  c h a r a c te r is t ic s  c o u ld  b e  c o n c lu d e d  th a t  th e  c h ild r e n  w ith  s h o r t  or  
n o  in te r - im p la n t  in te r v a ls  w e r e  m u c h  y o u n g e r  a t  s e c o n d  im p la n ta t io n  th a n  th e  c h ild r e n  
w ith  lo n g  in te r - im p la n t  d e la y s . T h e s e  fo r m e r  2 g r o u p s  o f  c h ild r e n  s h o w e d  s ig n if ic a n t ly  
la r g e r  b ila te r a l a d v a n ta g e s  in  s p e e c h  p e r c e p t io n  in  c o m p a r is o n  to  c h ild r e n  w ith  a lo n g e r  
d u r a tio n  o f  b ila te r a l d e a fn e s s  a n d /o r  lo n g  in te r - im p la n t  in te r v a ls  (> 2  y e a r s ) .  If w e  
in c lu d e d  c h ild r e n  w ith  s h o r te r  d e la y s  b e t w e e n  th e  2 im p la n ta t io n s  in  o u r  s tu d y , w e  
p r e s u m a b ly  w o u ld  h a v e  fo u n d  e ffe c ts  o f  a g e  in  r e c e iv in g  th e  CI2.
In c o n c lu s io n , it  s e e m s  th a t  a fte r  s e q u e n t ia l  b ila te r a l im p la n ta t io n  th e  p r im a r y  
a d v a n ta g e s  w ith  r e g a r d  to  b ila te r a l h e a r in g  a r e  o b ta in e d  a t  le a s t  to  s o m e  e x te n t .  
B ila tera l a d v a n ta g e s  w e r e  a lr e a d y  s e e n  a fte r  6  m o n th s  o f  b ila te r a l im p la n t  u s e  an d  
in c r e a s e d  th e r e a fte r , p a r t ic u la r ly  in  th e  s p e e c h  p e r c e p t io n  ta s k s  a n d  e s p e c ia lly  in  s p e e c h  
p e r c e p t io n  in  n o is e  ta sk s . A  b ila te r a l a d v a n ta g e  in  n o is e  w a s  a ls o  s e e n  c o m p a r e d  to  a 
m a tc h e d  c o n tr o l g r o u p  w ith  a UCI. A s p e r fo r m a n c e  o f  th e  CI1 a lo n e  in  th e  s tu d y  g r o u p  
w a s  c o m p a r a b le  w ith  th e  p e r fo r m a n c e  o f  th e  UCI g ro u p , w e  ca n  c o n c lu d e  th a t  th e  
b ila te r a l a d v a n ta g e  a s  w a s  s e e n  w ith in  su b je c ts , w a s  n o t  b ia s e d  b y  s w itc h in g  o n  a n d  o ff  a 
d e v ic e . T h e  b ila te r a l a d v a n ta g e  w ith  r e g a r d  to  d ir e c t io n a l h e a r in g  is  le s s  o b v io u s . T h e  
M AAs r e m a in e d  to o  la rg e  to  s p e a k  o f  tr u e  lo c a lis a t io n . P e r h a p s  th e  MAA r e s u lt s  m a y  
b e c o m e  c le a r e r  a s  th e  c h ild r e n  b e c o m e  m o r e  e x p e r ie n c e d  in  BiCI u se . U n lik e  o th e r  
s tu d ie s  o n  c h ild r e n  w ith  s e q u e n t ia l  BiCIs, w e  d id  n o t  fin d  e f fe c ts  o f  a g e  in  r e c e iv in g  th e  
CI2. If m o r e  y o u n g  c h ild r e n  o r  c h ild r e n  w ith  s im u lta n e o u s  im p la n ts  a r e  te s te d , a g ro u p  
e f fe c t  c o u ld  b e  fo u n d . H o w e v e r , th is  d o e s  n o t  s e e m  to  b e  u se fu l a s  c le a r  b ila te r a l  
a d v a n ta g e s  w e r e  fo u n d , w h ic h  m ig h t  o n ly  b e  g r e a te r  in  c h ild r e n  w h o  r e c e iv e d  th e  CI2 a t  
a y o u n g e r  a g e  o r  s im u lta n e o u s ly  w ith  th e  CI1.
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Introduction
Nowadays, in a limited number of countries, bilateral cochlear implantation in children 
is reimbursed. As the majority of child studies indicate that speech perception in noise 
and sound localisation is better in listening with bilateral cochlear implants (BiCIs) 
compared to listening with a unilateral cochlear implant (UCI),1 this presumably will 
lead to bilateral advantages in everyday situations for these children with BiCIs. Most 
studies investigating children with BiCIs focus on outcomes in speech perception and 
sound localisation. As results collected in clinical settings are not always representative 
of everyday situations,2 it is also of importance to gather information about the quality 
of life (QoL) for these children.
QoL can be measured by the use of generic or disease-specific questionnaires. For child 
studies, parent-proxy questionnaires are most commonly used. The advantages of 
generic questionnaires are that they cover a broad range of QoL dimensions, and the 
outcomes can be compared with other interventions. Owing to this broad approach, 
generic questionnaires may show less responsiveness to the effects of an intervention.3 
Disease-specific questionnaires on the other hand, only include domains that apply to 
the disease but cannot be compared with other interventions. Therefore, it is important 
to include disease-specific questionnaires as well as generic questionnaires.3 In children 
with BiCIs, only a few studies have reported on QoL.4-7
Scherf et al.7 reported on disease-specific instruments, namely the Categories of 
Auditory Performance (CAP), the Speech Intelligibility Rating (SIR) and the Würzburg 
questionnaire. Scherf et al.7 stratified their participants into 2 age groups: children who 
received the second CI (CI2) before the age of 6 years and children who received the CI2 
after the age of 6 years. After 36 months of BiCI use, the number of children that 
obtained higher CAP and SIR scores increased significantly. The Würzburg questionnaire 
showed that the younger children had more positive bilateral experiences and less 
negative bilateral experiences compared to the older children. However, after 36 months 
of CI2 use, no significant differences were found in the negative bilateral experiences 
between the 2 groups.
In a study by Lovett et al.,6 3 separate questionnaires were used: the disease-specific 
Speech, Spatial and Qualities of Hearing Scale for parents (SSQ), the Health Utilities 
Index Mark 3 (HUI3) and a generic QoL questionnaire using a visual analogue scale 
(VAS). Parents of children with a UCI and parents of children with BiCIs completed the 
questionnaires. Lovett et al.6 reported that except for the speech and spatial domains on 
the SSQ, there were no significant differences between the parental ratings of the UCI 
and the BiCI groups. For the speech and spatial domains, the parental ratings of the BiCI 
group were significantly higher than the UCI group. In agreement, Beijen et al.4 and 
Galvin et al.5 found that children with BiCIs scored higher on the spatial domain of the 
SSQ after bilateral implantation5 or compared to a control group of children with a UCI.4 
Beijen et al.4 also reported on a generic QoL questionnaire: the Pediatric Quality of Life
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Inventory (PedsQL). Like Lovett et al.,6 the 2 CI groups of Beijen et al.4 did not show  
significant differences in generic QoL. To our knowledge, besides Lovett et al.6 and 
Beijen et al.,4 no further studies have examined generic QoL in children with BiCIs. A 
limitation is that these studies were not longitudinal. Scherf et al.7 showed that bilateral 
advantages increase over time. Especially in children with BiCIs that are implanted 
sequentially, it is conceivable that bilateral advantages require more time to develop as 
the newly implanted side has to integrate with the experienced CI side.
In 2006, we started a longitudinal study to assess the effects of sequential bilateral 
cochlear implantation in 30 children on electrophysiological outcomes, primary 
outcomes of bilateral hearing and outcomes on QoL. Prior reports from this study 
already showed significant benefits in speech perception and sound lateralisation.8 
Improvements over time were also apparent in longitudinal electrophysiological 
measures.9 The current study supplements the previous reports by aiming at QoL. QoL 
in the BiCI children was assessed longitudinally and results were also compared over 
time with a reference group of 9 children with a UCI. To measure QoL, parents 
completed generic as well as disease-specific questionnaires. The influence of age in 
receiving the CI2 on the size of the bilateral advantage in QoL was assessed. In order to 
assess if disease-specific QoL was in agreement with the lab performance, results on 
disease-specific QoL were correlated with the results on speech perception in noise and 
lateralisation scores, obtained in a previous report by Sparreboom et al.8
Methods
Subjects
Bilateral CI group
The 30 children in our study group were implanted at the Radboud University Nijmegen 
Medical Centre and received sequential BiCIs (Nucleus® 24 multichannel devices, 
Cochlear Corp. Australia) between April 2006 and June 2007 (referred to as the BiCI 
group). The eligibility criteria for bilateral implantation were: at least 1 year of 
unilateral CI experience; a bilateral profound prelingual hearing loss; implanted with a 
unilateral CI before the age of 3 years, in which a full insertion of the electrode array was 
achieved; a chronological age less than 9.0 years; no benefit from a contralateral 
conventional hearing aid; no cognitive, learning and/or behavioural deficits; no 
progressive systemic disease; no anatomical malformations that might prevent full 
insertion of electrode array or that might stimulate the facial nerve; and no medical 
condition that contraindicates the use of general anaesthesia during the implant 
procedure. All parents were acquainted with the protocol of the study and written 
informed consent was obtained before their child received the CI2. The Committee on 
Research Involving Human subjects of the Radboud University Nijmegen Medical Centre 
approved testing.
Median age at time of CI1 implantation was 2.0 years (25th and 75th percentiles: 1.3 to 
2.2 years; range: 0.9-2.7 years) while the median age at CI2 implantation was 5.0 years
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(25th and 75th percentiles: 3.8 to 6.7 years; range: 2.4-8.5 years). The median inter­
implant interval was 3.3 years (25th and 75th percentiles: 2.5 to 4.5 years; range: 1.2-7.2 
years). All the children had congenital deafness except 3 who had acquired prelingual 
deafness as a result of meningitis. Full insertion of the electrode array into the cochlea 
was achieved in all cases. All the children were able to obtain speech perception with 
their CI2 (for full details see previous paper by Sparreboom et al.8).
Unilateral CI group
To confirm that QoL would not change over time by the cause of maturation, a group of 9 
children with a UCI (Nucleus® 24 multichannel devices, Cochlear Corp. Australia) was 
included. These 9 children (referred to as the UCI group) were matched with the BiCI 
group for 1) age at unilateral implantation, 2) chronological age, and 3) degree of 
bilateral hearing loss. All the children were prelingually deaf and did not have any 
diagnosed cognitive, learning and/or behavioural deficits. They had received their CI at 
a median age of 1.6 years (25th and 75th percentiles: 1.3 to 1.9 years; range: 0.8-2.0 
years). Full insertion of the electrode array into the cochlea was achieved in all cases. It 
is important to realise that all the subjects in the UCI group fell within the eligibility 
criteria for bilateral implantation, but the parents of these children had decided not to 
proceed with CI2 surgery for various reasons (e.g. the risk of affecting the vestibular 
system due to implantation and the burden of the operation and rehabilitation on the 
child).
Questionnaires
The parents of the study group completed the questionnaires on 3 occasions: before CI2 
surgery (QoL assessm ent 1) and after 12 and 24 months of BiCI use (QoL assessments 2 
and 3). The parents of the children with a UCI only completed the questionnaires twice 
with a 1 year interval between the 2 questionnaires. These 2 results for the UCI group 
were compared to the study group's results at QoL assessments 2 and 3 respectively. 
Questionnaires were distributed and explained to the parents by a single person. 
Parents completed all questionnaires at home and were not able to refer to their 
previous answers.
Generic questionnaires
Parents indicated the overall health status of their child using a VAS, which ranged from 
0 (death) to 10 (perfect health). To aid questionnaire comparison, VAS scores were 
divided by 10.
Generic QoL was also assessed with the HUI3,10 which consists of 8 dimensions of health 
status. Although the parent-proxy version of the HUI3 has been validated for children of 
5 years and older,11 parents of children at the age of 4 years also completed the HUI3. 
HUI3 scores were transformed into a utility function, in which 0 corresponds to death 
and 1 to perfect health.
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Parents also completed the parent-proxy version of the PedsQL 4.0,12 in which health 
related QoL is measured on 4 domains. For the children aged 5 years and older, who 
were able to complete the child-self report, the PedsQL for children was examined as 
well. The PedsQL was completed by an experienced paediatric clinician together with 
the child. Ratings were given on a 5-point Likert scale, ranging from never a problem  to 
almost always a problem, resulting in a score ranging from 0 to 100. For the children 
aged 5 to 7 years, ratings were given on a 3-point Likert scale. For comparison purposes, 
PedsQL scores were divided by 100.
Disease-specific questionnaires
The Glasgow Children's Benefit Inventory (GCBI)13 was filled in once by parents of the 
BiCI group after 24 months. No GCBI scores were gathered by parents of the children 
with a UCI. The GCBI can be used to measure and evaluate a child’s health benefit 
retrospectively, after an otological intervention. Answers are provided on a 5-point 
Likert scale ranging from much better  to much worse. Scores were then converted and 
ranged from -100 (maximum harm) to +100 (maximum benefit). The GCBI can also be 
analysed per domain: emotion, physical health, learning and vitality.13
Parents also completed the SSQ developed by Gatehouse and Noble.14 We used the 
parent-proxy version as adjusted by Galvin et al.5 and translated into Dutch by the 
ExpORL/KU Leuven, Belgium. The SSQ can be subdivided into 3 sections: speech, spatial 
and qualities of hearing. The child’s performance is given on a visual analogue scale 
ranging from 0 (not a t  all) to 10 (perfectly). For comparison purposes, SSQ scores were 
divided by 10.
Furthermore, the Nijmegen Cochlear Implant Questionnaire (NCIQ) was administered. 
The NCIQ addresses 6 domains: basic sound perception, advanced sound perception, 
speech production, self-esteem, activity limitations and social interactions.15 Answers 
are provided on a 5-point Likert scale, which can be transposed into scores ranging from 
0 (very poor) to 100 (optimal). For comparison purposes, NCIQ scores were divided by 
100.
Behavioural measures
Behavioural measures were presented in Sparreboom et al.8 In short, speech perception 
in noise was measured with the Dutch Automated Toy Discrimination Test (Dutch 
ATT),16,17 in which a speech reception threshold (SRT) was obtained. Sixty dB SPL fixed 
speech-shaped noise was added at (-)90° azimuth on the CI1.
Lateralisation was measured by the use of an adaptive left/right discrimination test set­
up: the minimum audible angle (MAA). The used stimuli were pre-recorded and filtered 
(0.5-4 kHz) common children’s songs at a fixed level of 65 dB SPL. For full details see 
previous paper by Sparreboom et al.8
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Data analyses
Statistical analyses were performed using SPSS 17.0 for Windows. In each analysis, the 
level of statistical significance was set at an a of 5%. The results of the children with 
BiCIs after 12 and 24 months of BiCI use were compared with their preoperative 
measures using the Wilcoxon signed-ranks tests for related samples. The results after 12 
and 24 months of BiCI experience were compared with the results of the UCI group 
using independent-samples Mann-Whitney U tests. As the GCBI is a retrospective 
questionnaire, we tested if the group results differed significantly from the median of 0 
(no effect) using a one-sample Wilcoxon signed-ranks test. When statistical differences 
were identified (within-subjects analysis, between-subjects analysis or both), 
questionnaire domains were also analysed. To compare changes over time in the BiCI 
group, the Friedman’s ANOVA test for related samples was used. The Wilcoxon signed- 
rank test was used as a post hoc test and critical values were corrected with a 
Bonferroni correction. If significant bilateral advantages were found, we also 
investigated the correlation between age at CI1 and CI2 with the questionnaire ratings 
(Spearman’s correlation coefficient). To compare changes over time in the UCI group, we 
used the Wilcoxon signed-rank test for related samples. For the BiCI group, Spearman’s 
correlation coefficients were calculated between disease-specific questionnaires and 1) 
speech perception in noise and 2) the MAA.
Results
Questionnaires were returned for all children with the exception after 12 months of BiCI 
use, at which the parents of 1 child from the BiCI group did not return all the 
questionnaires. Table 1 presents the descriptive statistics for each questionnaire per 
subject group at each measurement point.
Generic questionnaires
In Table 1 it can be seen that none of the generic questionnaires showed a significant 
gain in QoL after bilateral cochlear implantation (p > 0.05).
The PedsQL ratings provided by the parents (parent-proxy rating) were compared with 
the child-self reports. No significant differences in ratings were found at all 
measurement times for the children with BiCIs (preop: z = -1.9, p = 0.055; 12mo: z = -1.5, 
p = 0.131; 24mo: z = -1.6, p = 0.115), as well as for the children with a UCI (12mo: z = - 
0.1, p = 0.917; 24mo: z = -1.5, p = 0.128). We, therefore, only present the parent-proxy 
PedsQL in Table 1.
Disease-specific questionnaires
The GCBI showed a significant gain in QoL after bilateral implantation (z = -4.2, p  < 
0.001). Within-subject analyses of SSQ scores showed significantly higher ratings after 
12 and 24 months of BiCI use compared to preoperative ratings (12mo: z = -3.8, p < 
0.001; 24mo: z = -4.2, p < 0.001). Between-subjects analyses showed a similar pattern 
after 24 months of BiCI use (12mo: U = 118.0, p = 0.668; 24mo: U = 73.0, p < 0.05). The
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NCIQ showed significant improvements within-subjects (12mo: z = -1.9, p = 0.056; 
24mo: z = -2.4, p < 0.05), but no significant differences were observed between-subjects 
(12mo: U = 101.0, p = 0.311; 24mo: U = 105.0, p = 0.381).
Table 1 Descriptive statistics for the 2 CI groups over time. Medians, 25th and 75th percentiles (in 
parentheses) were calculated a) within the children with BiCIs between postoperative and preoperative 
assessm ents, and b) between children with BiCIs and a UCI at the 2nd and 3rd QoL assessments. The 
Wilcoxon signed-rank and Mann-Whitney statistics are also listed. Statistically significant differences are 
displayed in bold.
a Preoperative 
median n
After 12 
months
median n
Wilcoxon 
signed- 
ranks test 
z p
Preoperative 
median n
After 24 
months
median n
Wilcoxon 
signed- 
ranks test 
z p
VAS 0.90 30 0.90 30 -0.3 0.741 0.90 30 0.90 30 -0.4 0.660
[0.80-0.95) (0.80-0.97) (0.80-0.95) (0.80-0.96)
HUI3 0.58 23 0.66 23 -1.9 0.063 0.58 22 0.76 22 -1.2 0.239
[0.53-0.78) (0.53-0.79) (0.53-0.78) (0.57-0.82)
PedsQL 0.85 29 0.81 29 -0.5 0.597 0.84 30 0.82 30 -1.0 0.304
(0.78-0.89) (0.72-0.90) (0.79-0.89) (0.67-0.89)
GCBI NA NA NA NA NA NA NA NA 10.42 30 -4.2 0.000
(5.73-32.29)
SSQ 0.48 29 0.60 29 -3.8 0.000 0.49 30 0.62 30 -4.2 0.000
(0.39-0.58) (0.51-0.66) (0.39-0.59) (0.56-0.72)
NCIQ 0.74 29 0.78 29 -1.9 0.056 0.74 29 0.79 29 -2.4 0.017
fO.66-Q.82)______ (0.69-0.84)__________________(0.66-0.82)______ ( 0.71-0.87)
b QoL assessment 2 
UCI group
median n
BiCI group 
median n
Mann­
Whitney 
z p
QoL assessment 3 
UCI group
median n
BiCI group 
median n
Mann­
Whitney 
z p
VAS 0.90 9 0.90 30 -1.2 0.227 1.00 9 0.90 30 -1.7 0.095
(0.90-1.00) (0.80-0.97) (0.90-1.00) (0.80-0.96)
HUI3 0.71 8 0.66 28 -0.9 0.392 0.71 8 0.74 28 -0.9 0.373
(0.58-0.78) (0.53-0.78) (0.62-0.82) (0.55-0.82)
PedsQL 0.84 9 0.81 29 -1.6 0.104 0.88 9 0.82 30 -0.6 0.569
(0.69-0.94) (0.72-0.90) (0.69-0.94) (0.67-0.89)
SSQ 0.56 9 0.60 29 -0.4 0.668 0.50 9 0.62 30 -2.1 0.039
(0.43-0.65) (0.51-0.66) (0.43-0.65) (0.56-0.72)
NCIQ 0.84 9 0.78 29 -1.0 0.311 0.81 9 0.79 30 -0.9 0.381
(0.71-0.88) (0.69-0.84) (0.71-0.89) (0.71-0.87)
GCBI
All 4 GCBI domains significantly differed from zero (Table 2). Ratings on the 4 domains 
differed significantly (x2[3] = 41.6, p < 0.001). Post hoc tests showed that the learning 
domain was rated significantly higher than the other domains (p < 0.008).
SSQ
Figure 1 presents the results for the 3 separate domains of the SSQ. When we compared 
the within-subjects SSQ ratings, all domains showed significant bilateral advantages 
after 24 months (speech: z = -2.1, p < 0.05; spatial: z = -4.6, p < 0.001; qualities: z = -3.3, p
< 0.01). The SSQ between subjects only showed significantly higher ratings on the
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spatial domain for the BiCI group as compared to the UCI group after 24 months 
(speech: U = 131.0, p = 0.894; spatial: U = 37.0, p < 0.01; qualities: U = 109.5, p = 0.395).
Table 2 Descriptive statistics for the GCBI domains.
Medians, 25th and 75th percentiles (in parentheses) were 
calculated. The one-sample Wilcoxon signed-rank statistics 
are also listed. Results that differed significantly from zero 
are displayed in bold.
After 24 months Wllcoxon signed-ranks
test
median n z P
Emotion 4.17
(0.00-33.33)
30 -2.8 0.005
Physical health 10.72
(0.00-16.08)
30 -3.4 0.001
Learning 22.92
(8.33-44.80)
30 -4.2 0.000
Vitality 10.00
(3.75-31.25)
30 -3.7 0.000
Duration of BiCI use had a significant positive effect on ratings (x2[2] = 28.9, p < 0.001). 
Post hoc comparisons showed that significant improvements were seen at all 
measurement points after bilateral implantation (p < 0.0167). For the UCI group, SSQ 
ratings did not improve over time (z = -0.8, p = 0.441).
NCIQ
Table 3 shows the results for the NCIQ domains. As no differences were observed 
between subjects (p > 0.05) we only investigated the domains from the BiCI group. After 
12 months, significant bilateral advantages were only found in the domain “advanced
Table 3 Descriptive statistics for the NCIQ domains over time. Medians, 25th and 75th percentiles (in 
parentheses) were calculated within the children with BiCIs between postoperative and preoperative 
assessments. The Wilcoxon signed-rank statistics are also listed. Statistically significant differences are 
displayed in bold.
Preoperative After 12 Wilcoxon Preoperative After 24 Wilcoxon
months signed- 
ranks test
months signed- 
ranks test
median n median n z p median n median n z p
Basic sound 0.70 29 0.73 29 -1.6 0.112 0.70 29 0.78 29 -1.7 0.091
perception (0.61-0.79) (0.63-0.86) (0.61-0.79) (0.63-0.86)
Advanced sound 0.57 28 0.65 28 -2.1 0.040 0.57 28 0.65 28 -2.2 0.026
perception (0.46-0.71) (0.56-0.78) (0.46-0.71) (0.53-0.78)
Speech 0.83 29 0.85 29 -1.8 0.075 0.83 29 0.90 29 -3.1 0.002
production (0.63-0.89) (0.70-0.93) (0.63-0.89) (0.76-0.95)
Self-esteem 0.81
(0.72-0.88)
27 0.78
(0.73-0.88)
27 -0.2 0.819 0.79
(0.72-0.88)
28 0.80
(0.73-0.88)
28 -0.1 0.943
Activity 0.82 27 0.81 27 -1.2 0.248 0.82 27 0.84 27 -2.4 0.015
limitations (0.63-0.89) (0.72-0.91) (0.63-0.89) (0.81-0.94)
Social 0.81 29 0.80 29 -0.6 0.531 0.81 29 0.83 29 -1.3 0.207
interactions f0.70-0.88) f0.72-0.90) f0.70-0.88) (0.76-0.90)
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sound perception” (z = -2.1, p < 0.05). After 24 months, significant bilateral advantages 
were also present in the domains “speech production” (z = -3.1, p < 0.01) and “activity 
limitations”(z = -2.4, p < 0.05).
In the BiCI group, NCIQ ratings improved significantly over time (x2[2] = 10.8, p < 0.01). 
Compared to preoperative measures, post hoc tests revealed that significant 
improvements in QoL were only seen after 24 months of BiCI use (p < 0.00167). In the 
UCI group, no significant improvement was seen over time (z = -0.8, p = 0.441).
Speech
Spatial
Figure 1 Box plots with regard to the parental ratings of the 
domains of the SSQ: Speech, Spatial and Qualities of hearing. Boxes 
present the median and the 25th and 75th percentiles. The end of the 
whiskers present the maximum and minimum values. Outliers are 
indicated with circles (1.5-3 times the interquartile range) or 
asterisks (>3 times the interquartile range). Box plots are plotted for 
the BiCI and UCI group over time.
128
Sequential bilateral cochlear implantation in children: quality of life
Factors of influence
Correlation coefficients were calculated between questionnaire ratings indicating a 
significant bilateral advantage (GCBI, SSQ, NCIQ) and age at CI1 and CI2. No correlations 
were found between age at either implantation and ratings on the GCBI, the SSQ and the 
NCIQ (p > 0.05).
Behavioural measures
At QoL assessment 3, for speech perception in noise (S0°NCI1) and the MAA, a clear 
bilateral advantage was found in comparison with the CI1 alone condition.8 Correlation 
coefficients between speech perception in noise with BiCIs and disease-specific 
questionnaire ratings after 24 months (GCBI, SSQ or NCIQ) showed no significant 
correlations (GCBI: r[29] = 0.132, p = 0.495; SSQ: r[29] = 0.030, p = 0.878; NCIQ: r[28] =
0.020, p = 0.918). Correlation coefficients between the MAA and either the GCBI or the 
NCIQ also did not show any significant correlations (GCBI: r[24] = -0.391, p < 0.059 ; 
NCIQ: r[23] = -0.268, p = 0.217). A significant inverse correlation was found between the 
MAA and rating on the SSQ (r[24] = -0.416, p < 0.05), suggesting that better MAA 
thresholds lead to improved ratings on the SSQ.
Discussion
This study presented data on the effect of sequential bilateral cochlear implantation on 
the QoL of 30 children with profound sensorineural hearing loss. QoL was assessed prior 
to CI2 surgery and after 12 and 24 months of BiCI use. QoL was also assessed over time 
in a group of 9 children with a UCI. Results indicated that bilateral hearing with CIs is 
associated with higher disease-specific QoL than prior to CI2 surgery or compared with 
unilateral hearing. With regard to the generic questionnaires, no significant gain in QoL 
associated with bilateral cochlear implantation could be demonstrated. Disease-specific 
gains in QoL appeared to improve significantly over time: indicating a positive effect of 
duration of BiCI use.
Generic questionnaires
In accordance with other studies on children with BiCIs,4,6 no significant bilateral 
advantage in QoL was seen on the VAS, the HUI3 and the PedsQL. In agreement, Sach and 
Barton18 showed that deafness was not acknowledged by parents to be a health-related 
QoL issue. In addition, studies have shown that generic questionnaires are unable to 
distinguish between children with normal hearing and children with a CI.19 With regard 
to the PedsQL, ratings for both the BiCI and the UCI group fell within normal limits for 
healthy children as identified by Varni et al.12 The same applies to the results of Beijen et
al.4
The studies by Sach and Barton18 and Loy et al.,19 however, did not report on the HUI3. 
Although the HUI3 seems to be a promising instrument for measuring QoL in hearing 
impaired subjects, there are certain disadvantages with regard to CI recipients. A gain in 
utility associated with (bilateral) cochlear implantation would presumably be caused by
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an improvement in hearing, which should be reflected in the hearing dimension of the 
HUI3. The dimension of hearing contains 6 items to indicate the hearing status of the 
subject. However, only 3 of the 6 items are applicable for CI recipients as they are unable 
to hear without the use of their hearing device. As the children within our study group 
could already hear with their UCI prior to CI2 surgery, only 2 items remained applicable. 
Many parents already rate their children with a UCI on a level 3 of the hearing 
dimension.20 Consequently, not much gain in QoL is to be expected, even with larger 
samples. Because of this ceiling effect and the lack of resolution in the hearing domain, 
the gain in QoL may therefore been underestimated. In agreement, Lovett et al.6 
reported on a non-significant difference in HUI3 scores between their BiCI and UCI 
groups, which showed a slight advantage in median utility scores for the BiCI group as 
compared to the UCI group. When we compare our results to the gain in generic QoL 
associated with unilateral implantation as measured using the HUI3, the mean gain in 
QoL of +0.04 after 24 months of BiCI use was considerably smaller than to the gain of 
+0.17 regarding unilateral implantation.21 This gain of +0.17 in QoL after unilateral 
implantation was found in a group of children with similar degree of deafness and age at 
unilateral implantation as our study group.
Disease-specific questionnaires
In agreement with our data on speech perception and directional hearing,8 bilateral 
advantages were clearly apparent on the disease-specific instruments. The GCBI showed 
a highly significant benefit of sequential bilateral implantation. When the different 
domains of the GCBI were considered individually, the largest benefit was found in the 
learning domain. The advantage of the GCBI is that items are directly related to the 
intervention; this is not the case with the generic questionnaires. To our knowledge, 
only 1 study reported on the GCBI for children with CIs. These results are published 
within a Dutch journal and showed that unilateral cochlear implantation is associated 
with a mean GCBI score of +36.2.22 This is fairly high in comparison to the mean score 
we found to be associated with sequential bilateral cochlear implantation (+16.6).
After 24 months of BiCI use, the SSQ showed significant advantages in QoL compared to 
the group of children with a UCI. The overall bilateral advantage was predominantly 
seen in the domain of spatial hearing. This is in agreement with other studies,4-7 
although Lovett et al.6 also found a significant bilateral benefit in the speech domain. As 
SSQ ratings significantly improved over time, perhaps, when subjects have obtained 
more BiCI experience, bilateral advantages in the domain of speech and qualities of 
hearing will also be found compared to children with a UCI. For speech perception in 
noise obtained in a clinical setting, the current BiCI group already showed a significant 
benefit compared to the UCI group after 24 months of BiCI use.8
The within-subject analysis indicated that bilateral advantages as measured using the 
SSQ were already present after 12 months of BiCI use. These advantages were not 
restricted to the spatial domain but were also present in the speech domain (after 24
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months) and in the qualities of hearing domain (after 12 and 24 months). These 
everyday situations, as measured by the SSQ, were in agreement with our results on 
speech perception in quiet and noise and sound source lateralisation.8 Moreover, the 
results on the SSQ even correlated significantly with the MAA thresholds in the study 
group after 24 months of BiCI use, indicating that better MAA thresholds lead to 
improved disease-specific QoL in everyday life.
Unlike the SSQ, no bilateral advantages on the NCIQ were found between subjects. The 
NCIQ is designed for CI recipients and, therefore, it aims at measuring the advantages 
and disadvantages associated with cochlear implantation and not necessarily with 
bilateral hearing. The SSQ predominantly focuses on aspects of hearing that can only be 
fully achieved with binaural hearing and is, therefore, sensitive to changes induced by 
the provision of bilateral hearing devices. For that reason, presumably, no correlations 
were found between the NCIQ and the behavioural measures.
Factors of influence
For children with a UCI, age at implantation has a great influence on the outcomes (e.g. 
spoken language).23 For children with BiCIs, this also holds true within some studies 
with regard to the inter-implant interval or the age in receiving the CI2.1 Within our 
study group, in which the CI2 was provided at the maximum age of 8.5 years, no 
significant effect of age in receiving the CI2 was found. This limits us to predict if this 
also applies to children that receive their CI2 at an older age. Another limitation of the 
current study was the use of parent-proxy questionnaires, especially with regard to 
cognitive and emotional attributes. This being said, no significant differences were found 
in QoL ratings between parents and their child as measured using the generic PedsQL 
questionnaire. However, parents may have been biased because they opted for bilateral 
cochlear implantation. As parents completed the questionnaires at home and were not 
able to refer to their previous answers, this risk of bias may have been reduced. In 
addition, in contrast to psychological instruments, the instruments used in the current 
study carry less emotional and cognitive weight.
In conclusion, gains in QoL following bilateral cochlear implantation will predominantly 
be seen in more disease-specific questionnaires that contain items regarding bilateral 
hearing. Gains in QoL continued to improve with longer duration of BiCI use. Within our 
study group, after CI2 surgery, improvement in QoL was not influenced by the age at CI2. 
The maximum age of CI2 surgery was 8.5 years. As generic questionnaires are rather 
insensitive to changes in hearing status, gains in QoL as measured by these 
questionnaires after sequential bilateral cochlear implantation in children may be 
underestimated.
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Introduction
In the Netherlands there is over 20 years of experience with unilateral cochlear implants 
(CIs) in children with severe-to-profound sensorineural hearing loss. During this time, 
several developments in implant design and stimulation paradigms have been 
developed and age at implantation decreased. These changes have led to better results1 
and subsequently higher expectations.
In subjects with normal hearing, the auditory system processes information from both 
ears. The integration of sound from both ears along the auditory pathway is referred to 
as binaural hearing.2 Binaural hearing leads to benefits in complex listening situations 
such as speech perception in noise and sound localisation.2 In most individuals with 
hearing aids, bilateral use results in improvements in speech perception in noise and 
localisation compared to unilateral use.3 Nowadays, in children with bilateral severe-to- 
profound deafness, CIs are more frequently implanted bilaterally. Literature reports 
improved speech perception as well as sound localisation in children with bilateral CIs 
(BiCIs) compared to listening with a unilateral CI.4 A study by Van Deun et al.5 showed 
that localisation abilities in children with BiCIs implanted sequentially correlated 
significantly with parent-proxy questionnaire data on the Speech, Spatial and Qualities 
of hearing scale. Studies on BiCIs, however, primarily report on the advantages of 
bilateral hearing. For counselling parents it is necessary that possible disadvantages and 
difficulties also be reported. Irrespective of a child’s performance, parents can be 
disappointed if their expectations are unrealistic.6 A study by Galvin et al.7 is the only 
study that reports the clinical management of children with sequential BiCIs. They 
described the entire implantation process from decision-making and surgery to 
rehabilitation.7 Although their study was very elaborate, results were mainly 
descriptive.
In 2006 we started a longitudinal study to assess the effects of sequential bilateral 
cochlear implantation in 30 children on electrophysiological outcomes, primary 
outcomes of bilateral hearing and outcomes on quality of life. At the start of the project 
in 2006, literature on children with BiCIs was scarce. As such, we were cautious when 
discussing possible benefits of CI2 surgery on speech perception and sound localisation 
with parents. Therefore, the first aim of the current study was to prospectively assess 
what parents of these children expected from BiCIs prior to CI2 surgery and whether the 
parental postoperative observations met these expectations.
In accordance with the literature, we found improved speech perception in both quiet 
and noise and improved sound source lateralisation skills.8 Unlike the clear bilateral 
advantages, the rehabilitation therapists noticed that children with sequential BiCIs had 
more difficulties in wearing the CI during the CI2 rehabilitation process than recently 
implanted children with a unilateral CI. As device use is an important indirect measure 
of benefit, the second aim of this study was to quantify wearing of the CI2. In children 
with a unilateral CI, Archbold et al.9 showed that in the long term 14% were not full-time
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users and only 3% were non-users. An important factor for non-use seemed to be age at 
implantation.9 In line with these findings, in children with prelingual deafness the 
postoperative speech perception with a unilateral CI depends on the age at 
implantation.10 For children with a sequentially placed CI2, one may argue that the 
results with a CI2 might be poorer in comparison to those obtained with the CI1. In 
agreement, the present study group demonstrated a dominant CI1 performance, even 
after 24 months of BiCI use.8 These children received their first CI (CI1) at a mean age of 
1.8 years whereas the CI2 was received between 2.4 and 8.5 years. To test the 
hypothesis that age at implantation influences the amount of the device use with a CI2, 
we assessed whether device use of a CI2 was comparable with that of children 
implanted unilaterally at a late age. CI2 device use was compared with a) CI1 device use 
after CI1 surgery (within subjects) and b) a reference group of children with a unilateral 
CI matched for age at CI2 implantation (between subjects). Age at CI2, speech 
recognition and auditory approach were taken into account to explain individual 
differences in device use of the CI2.
Materials and methods 
Subjects
Bilateral CI group
The 30 sequentially implanted children in our study group were implanted at the 
Radboud University Nijmegen Medical Centre and received the CI2 between April 2006  
and June 2007. Both CIs were Nucleus® 24 multichannel devices, Cochlear Corp., 
Australia. The eligibility criterion for bilateral implantation were: at least 1 year of 
unilateral CI experience; no benefit from a contralateral conventional hearing aid; no 
cognitive, learning and/or behavioural deficits; no progressive systemic disease; no 
ossified cochleae; no anatomical malformations; and no medical condition that 
contraindicates the use of general anaesthesia during the implant procedure. The 
maximum age at second implantation was set at 8.9 years. All parents provided written 
consent before their child received the CI2.
The mean age at time of CI1 implantation was 1.8 years (SD: 0.5; range: 0.9-2.7), while 
the mean age at CI2 implantation was 5.3 years (SD: 1.6; range: 2.4-8.5). The mean inter­
implant interval was 3.5 years (SD: 1.5 years; range: 1.2-7.2 years). Full insertion of the 
electrode array into the cochlea was achieved in all cases. The full subject characteristics 
are listed in Table 1. All children were able to obtain auditory speech perception with 
their CI2.8 Speech recognition scores obtained on the NVA children’s test11 in the CI1 and 
CI2 alone conditions after 24 months of BiCI use can be found in Table 1. The NVA 
children’s test consists of 15 lists of 12 CVC words, presented at a distance of 1 m in 
front of the child at 65 dB SPL. In each condition a minimum of 2 lists were presented 
and a percentage correct phoneme score was calculated over the last 11 words of each 
list.
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Table 1 Subject characteristics
Age 
onset 
deafness 
Subject Sex fvr) Cause of deafness
Age
CU
fyr)
Age
CI2
fyr)
Interval
CI1-CI2
fyr)
Speech recognition Device 
after 24 months useCI2
CU alone 0 2  alone after 24 
[%) {%) months
Auditory 
approach 
after 24  
months
BiCIl M 0.0 Waardenburg 1.3 8.5 7.2 95.0 73.0 1 5
BiCI2 M 0.0 unknown 2.4 7.8 5.4 93.0 52.0 4 5
BiCI3 M 0.0 hereditary 2.3 7.8 5.6 81.0 47.0 2 1
BiCI4 F 1.1 meningitis 2.0 7.2 5.2 89.0 76.0 1 5
BiCI5 F 0.0 unknown 1.3 7.0 5.8 97.0 95.0 1 5
BiCI6 F 0.0 unknown 2.0 6.9 4.9 94.0 77.0 1 5
BiCI7 F 0.0 unknown 2.3 6.8 4.6 91.0 73.0 3 3
BiCI8 F 0.0 unknown 2.7 6.7 4.0 91.0 92.0 1 2
BiCI9 F 0.2 meningitis 2.0 6.0 4.0 82.0 97.0 2 5
BiCIlO F 0.0 unknown 2.6 5.9 3.3 89.0 82.0 1 2
BiCIll M 0.0 Waardenburg 1.5 5.9 4.4 83.0 94.0 1 2
BiCI12 F 0.4 meningitis 2.1 5.8 3.7 85.0 81.0 1 4
BiCI13 M 0.0 unknown 2.3 5.5 3.3 98.0 86.0 1 3
BiCI14 M 0.0 unknown 1.2 5.5 4.3 92.0 90.0 1 5
BiCI15 F 0.0 unknown 2.1 5.1 3.0 90.0 60.0 3 2
BiCI16 M 0.0 premature birth 2.1 5.0 2.9 91.0 89.0 2 3
BiCI17 M 0.0 unknown 1.4 5.0 3.6 95.0 59.0 2 5
BiCI18 F 0.0 unknown 2.1 4.9 2.8 97.0 79.0 2 5
BiCI19 F 0.0 Waardenburg 1.3 4.7 3.3 82.0 86.0 1 3
BiCI20 F 0.0 unknown 1.8 4.5 2.7 98.0 86.0 4 3
BiCI21 F 0.0 DFNB1 1.6 4.5 2.9 98.0 83.0 2 5
BiCI22 M 0.0 Usher 1.1 4.5 3.4 98.0 97.0 1 3
BiCI23 F 0.0 DFNB1 2.2 3.8 1.7 85.0 97.0 1 4
BiCI24 M 0.0 cytomegalovirus 1.3 3.8 2.6 55.0 80.0 1 2
BiCI25 M 0.0 GJB2 gene mutation 2.2 3.6 1.4 92.0 86.0 1 3
BiCI26 M 0.0 unknown 1.2 3.3 2.1 89.0 76.0 2
BiCI27 M 0.0 unknown 2.0 3.2 1.2 89.0 85.0 1 3
BiCI28 M 0.0 unknown 1.5 3.2 1.7 89.0 73.0 1 3
BiCI29 M 0.0 hereditary 1.3 2.8 1.5 92.0 80.0 1 5
BiCI30 M 0.0 unknown 0.9 2.4 1.5 87.0 87.0 1 1
CI1 indicates first cochlear implant; CI2, second cochlear implant; F, female; M, male; yr, year.
Device use: 1 = wearing CI all of the time, 2 = sometimes not wearing CI, 3 = regularly not wearing CI, 4 = 
only wearing CI in certain situations, 5 = not wearing CI.
Auditory approach: 1 = sign language only, 2 = limited auditory approach, mainly sign language, 3 = partly 
oral, partly sign language, 4 = auditory approach, sign-supported, 5 = oral only.
Reference group
For device use comparison, a reference group of 30 children with a unilateral CI 
(Nucleus® 24 multichannel devices, Cochlear Corp. Australia) were matched with the 
BiCI group for age at receiving the CI2. They had received their unilateral CI at a mean 
age of 5.2 years (SD: 1.5; range: 2.5-8.1) in the period between 1999 and 2007. A one­
way analysis of variance confirmed no significant difference in age at implantation 
between the BiCI group and the reference group (F[1,59] = 0.0, p = 0.948). All the 
children had congenital deafness except 4 who had acquired deafness before the age of
1.1 years as a result of meningitis.
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Parents' Perspective
Parents of children in the BiCI group completed the Parents’ Perspective questionnaire 
(developed by Nikolopoulos et al.12) before CI2 surgery and again after 12 and 24 
months of BiCI use. An additional question was included about sound localisation 
(Figure 1). All responses were given on a 5-point Likert scale. The questionnaire was 
distributed and explained to the parents by a single person. Parents completed the 
questionnaire at home and were not able to refer to their previous answers.
Child's Name:
Date of Birth:
A  Preim plant
Please circle only one answer
Do you feel the operation will help your child
a. In communication with others?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
b. In listening to speech without lipreading?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
c. In the development of speech and language?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
d. In localizing sounds?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
Child's Name:
Date of Birth:
Date of (second) Cochlear Implant:
B. Postim plant
Please circle only one answer
Have you noticed positive changes
a. In communication with others?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
b. In listening without lipreading?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
c. In spoken language?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
d. In localising sounds?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
Are you concerned about the development of
a. Communication with others?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
b. Listening to speech without lipreading?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
c. Spoken language?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
d. Localising sounds?
1. Certainly Yes 2. Mostly Yes 3. Mostly No 4. Certainly No 5. Unable to Answer
Figure 1 Adapted version of the Parents’ Perspective developed by 
Nikolopoulos et al.12
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Device use
Amount of device use was retrospectively assessed by inspecting the standardised 
reports made by the rehabilitation therapists. For the BiCI group these results were 
compared with the parental and child interviews obtained during the research project. 
As the measure “hours a day” does not suffice for device use, it was classified according 
to a 5-point scale, ranging from “wearing all of the time” to “not wearing CI” (Table 1). 
Device use was assessed from the reports filled in after 6, 12 and 24 months of CI use for 
the BiCI group and after 12 and 24 months for the reference group.
Factors of influence
The factors age at receiving the CI2, speech recognition and auditory approach were 
considered as influential factors on device use with the CI2 in the BiCI group. As inter­
implant delay was highly correlated with age at receiving the CI2 (r[30] = 0.954, p < 
0.001), this factor was not taken into account. To meet the assumption of normal 
distribution, speech recognition scores were transformed to rationalised arcsine units.13
To investigate if auditory approach had an impact on amount of device use or speech 
recognition scores, we categorised the children on a scale with 5 intervals according to 
the amount and type of communication they were exposed to. The scale ranged from 
“sign language only” to “oral only” (Table 1).
Data analyses
Statistical analyses were performed using SPSS 17.0 for Windows. In each analysis, the 
level of statistical significance was set at 5%. The positive observed changes on the 
Parents’ Perspective after 12 and 24 months of BiCI use were compared with the 
preoperative expectations using the non-parametric Wilcoxon signed-ranks test for 
related samples.
Difference in device use between the CI1 and CI2 of the BiCI group was compared with 
the non-parametric Wilcoxon signed-ranks test for related samples. Difference in device 
use between the BiCI group and the reference group was analysed by the non- 
parametric Mann-Whitney U test for independent samples. Correlation analyses were 
performed using Spearman’s rank correlation.
Results
Parents' Perspective
Results for the Parents’ Perspective are depicted in Figure 2. With regard to 
communication, positive changes were significantly more often observed than expected 
after 24 months of BiCI use (z = -2.2, p < 0.05) but not after 12 months (z = -1.4, p = 
0.158). For listening to speech without lipreading, there was a significant difference 
between preoperative expectations and postoperative observation after 12 months (z = 
-2.4, p < 0.05). After 24 months there was no significant difference (z = -1.7, p = 0.089). 
Statistical analyses showed that for the development of speech and language after both
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12 and 24 months, positive changes were more often noticed than expected prior to CI2 
surgery (12mo: z = -2.0, p < 0.05; 24mo: z = -2.7, p < 0.01). Unlike the other questions, 
prior to CI2 surgery, all parents expected an improvement (level 1 or 2) in their child’s 
ability to localise sounds after CI2 surgery. After 12 months of BiCI use, 69% of the 
parents reported positive changes in this ability (level 1 or 2). This percentage increased 
to 76% after 24 months of BiCI use. A comparison between preoperative expectations 
and postoperative observed changes showed that expectations were higher than the 
observed positive changes after 12 months (z = -2.5, p < 0.05) but not after 24 months of 
BiCI use (z = -1.4, p = 0.168).
■ Unable to Answer ■ Certainly No □ Mostly No □ Mostly Yes □ Certainly Yes 
?  _
J2 80  - c
preop 12mo 24mo preop 12mo 24mo preop 12mo 24mo preop 12mo 24mo
Communication Listening to Speech and Sound localisation
with others speech without language
lipreading
Figure 2 Results for the Parents’ Perspective for communication, listening to speech without 
lipreading, speech and language and localising sounds. In each bar the percentage of parents is 
depicted that responded: “unable to answer”, “certainly no”, “mostly no”, “mostly yes” and 
“certainly yes”.
Device use
In Figure 3, the results for device use are shown. At all 3 assessm ent points, compared to 
amount of CI1 device use, the BiCI children used their CI2 significantly less often than 
their CI1 (6mo: z = -2.1, p < 0.05; 12mo: z = -2.4, p < 0.05; 24mo: z = -2.5, p < 0.05). No 
significant difference in device use was found between the reference group and either 
the CI1 (12 months: U = 406.0, p = 0.529; 24 months: U = 377.0, p = 0.139) or the CI2 of 
the BiCI group (12 months: U = 363.5, p = 0.118; 24 months: U = 367.5, p = 0.123).
Factors of influence
No significant correlations were found between age at receiving the CI2 and device use 
(6mo: r[30] = 0.1, p = 0.613; 12mo: r[30] = 0.1, p = 0.579; 24mo: r[30] = 0.2, p= 0.425).
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Table 1 presents the results for speech recognition on the NVA children’s test after 24 
months of BiCI use. A previous paper by Sparreboom et al.8 showed that after 24 months 
of BiCI use, speech recognition in these children was significantly poorer in the CI2 alone 
condition than in the CI1 alone condition. The mean difference in scores between the CI1 
and CI2 conditions was 15%, 10% and 9% after 6, 12 and 24 months of BiCI use, 
respectively. Correlation coefficients between device use of the CI2 and the difference in 
speech recognition scores between the 2 CIs showed no significant correlation after 6 
months (r[13] = 0.2, p = 0.608). After 12 and 24 months, correlation coefficients showed 
that the difference between speech recognition with the CI2 and CI1 alone was 
significantly smaller in children who wore their CI2 more often (12mo: r[23] = 0.6, p <
0.01; 24mo: r[30] = 0.5, p < 0.01).
□ wearing all of the time
□ regularly not wearing 
„ ■ not wearing Cl
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Study group: CM Study group: CI2 Reference group
Figure 3 Results for device use after 6 months, 12 months and 24 months of CI use. In each bar 
the percentage of children divided into the 5 scales of device use is depicted. Device use is shown  
for the CI1 and CI2 of the study group and for the CI of the reference group. Data after 6 months 
was not available for the reference group.
Forty-three percent of the BiCI children attended mainstream school settings whereas 
57% attended special school settings. No significant correlations were found between 
auditory approach and device use with the CI2 (6mo: r[30] = -0.3, p = 0.127; 12mo: r[30] 
= -0.1 , p = 0.494; 24mo: r[30] = 0.0, p = 0.848). No significant correlations between 
auditory approach and speech recognition scores of the CI2 alone were found either 
(6mo: r[19] = 0.4, p = 0.064; 12mo: r[25] = -0.1, p = 0.673; 24mo: r[30] = 0.0, p = 0.835).
□ sometimes not wearing 
■ only wearing in certain situations
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Discussion
Our results showed that in children with a sequentially placed CI2 parental expectations 
with regard to sound localisation during the first year of BiCI use were too high. In 
agreement with the parental observations, in a previous article about this study by 
Sparreboom et al.,8 these children were tested with sound source lateralisation tasks. In 
contrast to listening with a unilateral CI, after 12 and 24 months of BiCI use, respectively 
63% and 83% of the children could lateralise significantly above chance performance. 
However, even after 24 months, the minimum audible angle in which they could 
lateralise was still far beyond that of children with normal hearing.8 For future 
counselling it is important to ensure that parents have realistic expectations regarding 
sound localisation skills after CI2 activation.
Parental observations on the other domains of the Parents’ Perspective surpassed 
parental expectations. We hypothesised that this may be due to 2 reasons: 1) parents 
were too focused on the primary outcomes of BiCIs and as such had lower (or no) 
expectations on secondary outcomes (such as the development of speech and language) 
or 2) the changes in secondary outcomes may be ascribed to maturation rather than to 
the provision of a CI2 which the parents had not considered.
Unlike the parents of children with a unilateral CI,12 most parents in the current study 
responded slightly less positive to the questions on whether they expected the operation 
would help their child with “communication”, “listening to speech without lipreading” 
and “speech and language development”. This is not surprising as the children in our 
study already had good speech perception skills prior to CI2 surgery; the children in the 
study by Nikolopoulos et al.12 did not have these skills prior to unilateral implantation. 
In contrast, with regard to sound localisation, which their child was not able to achieve, 
parents in our study were more hopeful about changes postoperatively. The difference 
between our study and that by Nikolopoulos et al.12 could also be attributed to a 
difference in information provided to the parents: the parents from the study by 
Nikolopoulos et al.12 might have been counselled more positively about the benefits of 
unilateral cochlear implantation than in our study about the benefits of a CI2.
The second aim of our study was to quantify wearing of the new device in the BiCI 
children. The BiCI group wore their CI2 less often than they wore their CI1 after 
implantation. This finding is in agreement with Galvin et al.7 who noticed increased 
device rejection of the CI2 than of the CI1. We presumed that age at implantation might 
influence the amount of device use. Therefore, we compared the study group with a 
reference group of children who received a unilateral CI at the same age as the CI2 of the 
study group. Although, after 24 months of CI use the amount of device use for the 
reference group was somewhere in between that of the CI1 and CI2 of the study group, 
no significant difference was detected between device use of the CI2 (or CI1) of the 
study group and that of the reference group. It appears that age at implantation does not 
account for the individual differences. In contrast with the results of Archbold et al.9 on
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children with a unilateral CI, within the BiCI group no influence of age at second 
implantation was found. This is in accordance with our results on speech perception and 
sound lateralisation.8 As clinicians, we did, however, make observations that children, 
who had an inter-implant delay of less than 2 years, did not indicate a preference for 
wearing the CI1 or the CI2 whereas the other children, who had an inter-implant delay 
above 2 years, indicated a preference for their CI1.
We also hypothesised that the difference in device use between the 2 implants was 
caused by the fact that the children already had good speech perception skills with their 
CI1 and consequently, (initial) speech perception with the CI2 might have been 
disappointing. The rejection of wearing the CI2 was therefore more likely and moreover, 
they still could hear with their CI1. In line with this hypothesis, after 12 and 24 months 
of BiCI use, the amount of device use showed a significant correlation with the difference 
in speech recognition performance between the CI1 and CI2 alone conditions. 
Irrespective of the amount of device use, after 6 months of BiCI use all children had 
decreased speech recognition scores in the CI2 only condition compared to the CI1 
condition. Children who went on to wear the CI2 all of the time had higher speech 
recognition scores than children who did not wear their CI2 on a daily basis. Persisting 
difficulties in wearing may be caused by this difference in performance between the 2 
CIs.
Furthermore, we looked into the effect of auditory approach on device use and speech 
recognition regarding the CI2. When the auditory approach is mainly based on sign 
language, a child does not rely on auditory input via the CIs as much as a child who 
attends a setting in which the auditory approach is mainly oral. This child therefore may 
not wear the CI as often as a child in an oral setting. Although some children were more 
exposed to spoken language then others, this did not affect the amount of device use of 
the CI2. It also had no effect on speech recognition with the CI2.
Knowing all this, it is important that during the first year with BiCIs children be 
encouraged to wear the CI2. If a child prefers not to wear the CI2, our rehabilitation 
therapists suggest a reward system for use of the CI2. Another possible way to increase 
device use might be to adjust the comfortable levels of the CI2-MAP more conservatively 
and to build up the electric dynamic range over a longer period of time. The 
disadvantage of conservative mapping, however, is that it creates a loudness 
discrepancy between the 2 implants and speech perception with the CI2 will likely 
deteriorate.
In conclusion, parental expectations were not on par with observations on sound 
localisation after the first year of BiCI use. Parents need to be provided with realistic 
information on the expected outcomes of bilateral implantation and informed that initial 
results after CI2 surgery may be disappointing especially because of the already good 
performance with the CI1. Our results also show that after CI2 implantation, children
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wore their CI2 less than they wore their CI1 after initial CI1 implantation. Therefore, 
children should be encouraged to wear the CI2 more than during the rehabilitation 
period of the CI1.
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This thesis assessed the short- to m edium -term  effects of sequential bilateral cochlear 
im plantation for profound sensorineural hearing loss in children, w ith respect to 
m aturation of the auditory pathways, audiological perform ance and quality of life (QoL). 
The effects w ere investigated in a group of 30 children who received the first cochlear 
im plant (CI1) before the age of 3 years and the second cochlear im plant (CI2) betw een
2.4 and 8.5 years of age (mean: 5.3 years). Results w ere assessed before or during the 
surgery of the CI2 and after 6, 12 and 24 m onths of bilateral cochlear im plant (BiCI) use. 
Results in a small m atched reference group of 9 children w ith a unilateral cochlear 
im plant (referred to as the UCI group) w ere also obtained. These children w ere tested  
twice w ith a 1 year interval betw een the 2 assessm ent points and their outcomes were 
com pared w ith the BiCI group after 12 and 24 m onths of BiCI use.
In this chapter the main findings of this thesis will be discussed. After this, the strengths 
and lim itations and implications for the curren t practice will be sum m arised. Finally, the 
general conclusions will be provided.
Main findings
Chapter 2 described a system atic review  on the available literature up to 2009 with 
regard to the effectiveness of BiCIs in children w ith severe-to-profound deafness. The 
included studies com prised data on the com parison betw een bilateral cochlear 
im plantation and unilateral cochlear im plantation alone or w ith a contralateral hearing 
aid (bimodal stim ulation). The included literature on BiCIs in children had a fairly low 
type of evidence. Although no robust conclusions could be draw n from these studies, 
BiCIs seem ed to be advantageous com pared to listening with a unilateral cochlear 
im plant (CI). These advantages w ere mainly seen for speech perception in quiet and in 
noise, especially w hen speech and noise w ere spatially separated. For the benefit of 
BiCIs over bimodal stim ulation was little evidence, due to the limited num ber of studies 
and the small and heterogeneous study groups.
In the field of paediatric audiology it is difficult to obtain high levels of evidence. The 
level of evidence consists of the risk of bias (the quality of the study) and the type of 
evidence (strength of the study). Firstly, the risk of bias may be com prom ised by the 
high variability in perform ance am ong children with CIs. Therefore, considerably large 
num bers of participants m ust be included in studies and this autom atically leads to the 
next difficulty: the relatively small population of children w ith congenitally severe-to- 
profound hearing loss. To maximise the num ber of participants, a m ulti-centre study can 
be perform ed, although this leads to an extra bias due to in ter-centre variability.
Secondly, a higher type of evidence could be obtained by perform ing a random ised 
control trial (RCT). The literature on children w ith BiCIs, albeit low levelled, indicates an 
advantage of BiCIs over a unilateral CI. Based on these findings, both national (CI-ON 
Expert Meeting, 11 May 2009) and in ternational1 consensus am ong experts was reached 
to provide bilateral hearing in children with severe-to-profound hearing loss either by
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BiCIs or bimodal stimulation. This indicates that a clinical equipoise no longer exists.2 In 
other words, even though solid evidence remains scarce, at present there is no genuine 
uncertainty about the difference between the effects of the 2 treatments (i.e. unilateral 
and bilateral cochlear implantation) among experts in the field. It is inherent to an RCT 
that treatment A (unilateral cochlear implantation) is assigned to half of the study group 
and treatment B (bilateral cochlear implantation) to the other half. With the 
aforementioned knowledge in mind, it is known prior to the study that a possible 
disadvantage occurs for half of the recipients (treatment A). Hence, performing an RCT 
entails an ethical dilemma. In adults with acquired deafness, a randomised controlled 
crossover experiment would be acceptable, but in children this dilemma would still 
exist, as the auditory system in children is highly susceptible to maturation in the first 
years of life. The type of evidence of the study presented in this thesis was not as high as 
an RCT but still provides a higher type of evidence than the studies described in chapter
2.
Chapters 3 and 4  aimed to investigate the effect of sequential bilateral cochlear 
implantation on the maturation of the auditory pathways. Integration of the signal 
provided by both CIs is important for binaural hearing. Therefore, it is plausible that 
synchronous processing of neural signals evoked at the 2 implant sides is important to 
obtain maximum benefit from bilateral hearing. Chapter 3 showed that after CI2 
surgery, auditory brainstem maturation occurred, regardless of the duration of 
unilateral deafness. In accordance with literature on electrically evoked auditory 
brainstem responses (EABRs) after unilateral cochlear implantation,3,4 there was no 
effect of age at second implantation or inter-implant delay on the maturation of the 
auditory brainstem after surgery of the CI2. After 12 and 24 months of BiCI use, the 
latencies of EABR wave III and V were not significantly different between the CI1 and 
the CI2. The interwave interval III to V evoked by the CI2 remained significantly 
prolonged, even after 24 months of BiCI use. These results indicate that stimulation by 
the CI2 still shows some processing abnormalities at the level of the brainstem, which 
may result in difficulties in detecting interaural difference cues.
In Chapter 4  it was shown that after bilateral cochlear implantation, electrically evoked 
auditory cortical responses (EACRs) evoked by either the CI1 or the CI2, resulted in age- 
appropriate latencies, which were comparable with those of children with a unilateral 
CI. From studies on children with a unilateral CI it appeared that if the CI is not received 
before the age of 3.5 years, this may not lead to age-appropriate P1 latencies.5 In our 
study group all children received their CI1 before this critical age but the CI2 was most 
often implanted at a later age. As latencies evoked by the CI2 were age-appropriate, this 
supports the finding that monaural stimulation also stimulates the ipsilateral primary 
cortex via the uncrossed fibers.6 This may have led to some maturation of the ipsilateral 
primary auditory cortex, induced by the CI1 prior to CI2 surgery. Within subjects, 
however, differences between both implant sides persisted for the P1 latencies. The 
other EACR peaks did not show significant differences in latencies, presumably because
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they were less often evoked by the CI2. Moreover, the RMS amplitude of the evoked 
responses by the CI2 was significantly smaller than that of the CI1. Both RMS amplitude 
and waveform morphology were adversely affected by the inter-implant delay. It 
seemed that after 24 months of BiCI use, only inter-implant delays of less than 3 years 
led to similar EACR morphologies evoked by the 2 implants. We believe that there may 
be a critical inter-implant delay (or age) at which the CI2 should be received to obtain 
comparable auditory processing from both implant sides. However, future results from 
this study group must be obtained to assess whether abnormalities in auditory 
brainstem and cortical responses evoked by the CI2 still exist after more BiCI 
experience.
In chapter 5, the behavioural group results for the CI1 and CI2 alone displayed a 
dominant performance of the CI1. This is in line with the results shown in chapter 3 and
4. All children were able to develop speech perception skills with the CI2 alone but 
functioning remained poorer than with the CI1 alone. Although not investigated, this 
dominant CI1 performance might be attributed to the longer listening experience with 
the CI1. The studies by Wolfe et al.7 and Peters et al.8 showed that performance of the 
CI2 alone would only become comparable with that of the CI1 alone, when the CI2 was 
received before the age of 4 or 5 years. These results were not supported by our study. 
We should, however, note that unlike the CI1, our study group was not accustomed to 
use the CI2 alone.
While our results show a difference in auditory processing between both implant sides, 
still, chapter 5 demonstrated that the majority of children exhibits the primary 
audiological advantages of bilateral hearing. Eventually, the results with BiCIs are more 
important for daily practice than the results with either CI alone. Bilateral advantages 
were, on average, seen for all outcome measures but they were most distinct for speech 
perception in noise. Like in children with a unilateral CI,9 duration of (Bi)CI use had a 
significant favourable effect on all bilateral advantages. When speech and noise were 
spatially separated, a bilateral advantage was seen within the BiCI group as well as 
between the BiCI and the UCI groups. After 24 months, results on lateralisation showed 
that unlike the preoperative results, 83% of the children were able to lateralise, 
although the minimum audible angle (MAA) was larger than that of children with 
normal hearing10,11 and was large compared to other studies on children with BiCIs.12-14 
This discrepancy may be caused by 1) the higher attention requirements of the task in 
our study, 2) the lower average age at testing of our study group and 3) the fact that 
none of the children in our study used a conventional hearing aid (HA) in the non­
implanted ear after unilateral cochlear implantation, in contrast to for example Van 
Deun et al.14 Similar to these other studies, we found a high variability in performance 
between subjects of whom some could not lateralise with BiCIs.
In chapter 6, both generic and disease-specific QoL were examined by the use of parent- 
proxy questionnaires. In line with our results on audiological performance, disease-
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specific QoL im proved significantly after bilateral im plantation. In addition, BiCIs were 
associated w ith higher disease-specific QoL com pared to the UCI group, which was 
assessed w ith the Speech, Spatial and Qualities of Hearing Scale (SSQ). On the contrary, 
sequential bilateral cochlear im plantation was not associated w ith a significant 
im provem ent in generic QoL. Firstly, this may be caused by the fact th a t deafness is not 
acknowledged by parents to be a health-related QoL issue.15 Secondly, in spite of the fact 
th a t the Health Utilities Index Mark 3 (HUI3) includes a hearing dimension, for CI 
recipients, it is not sensitive enough to detect changes after providing a CI2, due to 
ceiling effects and a lack of resolution in the hearing domain. The National Institute for 
Health and Clinical Excellence (NICE) in the UK considers a gain in QoL greater than 
+0.04 acceptable to justify the increm ental costs of a CI2 in case of sim ultaneous 
bilateral cochlear im plantation.16 Although the m ean gain in QoL of +0.044 (HUI3 data) 
in our study was not significant, the costs of sim ultaneous bilateral cochlear 
im plantation would be justified according to these standards if such a gain was achieved.
In chapter 7 parental expectations w ere investigated and com pared to the parental 
postoperative observations. The literature on BiCIs prim arily rep o rt on the advantages 
of bilateral hearing. A downside to this is th a t besides the benefits, m any clinicians have 
no knowledge of the possible disadvantages and difficulties associated w ith sequential 
bilateral cochlear im plantation. For counselling parents it is im portan t th a t possible 
disadvantages and difficulties are also reported. Irrespective of a child’s perform ance, 
parents can be disappointed if their expectations are unrealistic.17 At the s ta r t of this 
research project, literature on BiCIs in children was scarce. Therefore, we w ere very 
cautious in counselling parents about the possible benefits of BiCIs. Yet, some parents 
still had unrealistic expectations prior to CI2 surgery. The Parents’ Perspective indicated 
th a t parental expectations w ithin the first year of BiCI use w ere higher than the 
observed positive changes for localisation. The percentage of parents th a t reported  on 
observed positive changes for localisation was comparable to the percentage of the 
children th a t could lateralise significantly above chance perform ance. The observed 
positive changes w ith regard  to communication, listening to speech w ithout lipreading 
and the developm ent of speech and language surpassed parental expectations. It seems 
th a t parents w ere more focussed on the prim ary expected benefits of bilateral hearing 
such as localisation.
In chapter 7 the am ount of device use was also investigated. Device use was categorised 
into categories ranging from “w earing CI all of the tim e” to “not w earing CI”. Results 
showed th a t the BiCI group wore their CI2 less often “all of the tim e” during the first 2 
years of CI use than their CI1. Age a t second im plantation did not affect device use 
significantly. However, a reference group of children with a unilateral CI, m atched with 
the BiCI group for age a t CI2 im plantation, used their device less often than the BiCI 
group used their CI1, bu t m ore often than the BiCI group used their CI2.
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W e h y p o th e s ise d  th a t  th e  d iffe rence  in  device u se  b e tw e e n  th e  2 im p lan ts  w as  cau sed  by  
th e  fac t th a t  th e s e  c h ild ren  a lre a d y  h a d  good  sp e e c h  p e rc e p tio n  sk ills  w ith  th e ir  CI1. 
C onsequen tly , th is  d o m in a n t CI1 p e rfo rm a n c e  m ig h t have  re s u lte d  in re je c tin g  th e  CI2. 
In acco rd a n ce  w ith  th is  h y p o th es is , re su lts  sh o w e d  a c lea r p o s itiv e  c o rre la tio n  b e tw e e n  
th e  d iffe rence  in  sp e ec h  rec o g n itio n  b e tw e e n  th e  2 CIs a lone  a n d  th e  a m o u n t of device 
use  o f th e  CI2.
F u rth e rm o re , th e  effec t of a u d ito ry  a p p ro a c h  on CI2 dev ice  use  w as  a sse sse d . W e 
h y p o th e s ise d  th a t  in  th e  case of an  a u d ito ry  a p p ro a c h  m ain ly  b a se d  on sign  language, 
th e  child  does n o t  have  to  re ly  m uch  on a u d ito ry  in p u t as o p p o se d  to  a child  in  a 
m a in s tre a m  schoo l se ttin g . As a resu lt, th is  child  m ig h t n o t  w e a r  th e  CI as o ften  as a child  
in  a m a in s tre a m  se ttin g . The re s u lts  o f th e  c u r re n t  s tu d y  in d ic a te d  no  effect o f a u d ito ry  
a p p ro a c h  on w e a r in g  th e  CI2.
Strengths and limitations of the present study
As fa r as w e  know , fo r c h ild ren  w ith  BiCIs, th is  is th e  f ir s t  p ro sp e c tiv e  c o h o rt s tudy , in 
w h ich  re s u lts  a re  a lso  c o m p a re d  to  a re fe re n c e  g ro u p  of c h ild ren  w ith  a u n ila te ra l CI. In 
o u r  sc ien tific  field, w ith  re g a rd  to  ch ild ren , w e feel th a t  th is  s tu d y  p ro v id e s  th e  h ig h es t 
ty p e  of ev id en ce  up  u n til now . N ev erth e less , re g a rd le s s  of th e  ty p e  of s tudy , conc lusions 
m ig h t be  in flu en ced  b y  a c e rta in  a m o u n t of b ias. The m e th o d o lo g y  d e sc r ib e d  in c h a p te r  
2 w a s  u se d  to  gain  in s ig h t in to  th e  r isk  of b ias  o f th e  c u r re n t  th esis .
Selection bias
A m e r i t  of th e  p re s e n t  s tu d y  is th a t  th e  sam e  g ro u p s  o f c h ild ren  w e re  m e a su re d  a t  
d iffe re n t a s se s s m e n t p o in ts . H ow ever, in  th e  UCI g ro u p  no  m e a s u re m e n ts  w e re  o b ta in e d  
fo r c o m p a riso n  w ith  th e  p re o p e ra tiv e  re s u lts  of th e  BiCI g roup . As a co n seq u en ce , w e  do 
n o t  k n o w  w h e th e r  b o th  g ro u p s  w e re  s im ila r  a t  b a se lin e  a n d  th e re fo re , m a tu ra tio n a l 
effects cou ld  n o t  b e  fully d is tin g u ish e d  fro m  th e  effec t of p ro v id in g  a CI2. The UCI g roup  
w as  sm all, w h ich  m ay  have  a ffec ted  th e  re su lts .
A n o th e r  so u rc e  of se lec tio n  b ias  m ig h t have  b e e n  c re a te d  by  th e  e lig ib ility  c rite ria . F irs t 
of all, d u r in g  th e  co u rse  of th e  re s e a rc h  p ro jec t, 8 ch ild ren  ex h ib ited  a cognitive, le a rn in g  
o r b e h a v io u ra l deficit. This w a s  fo rm u la ted  as an  exclusion  c r ite r io n  b u t  since  th e se  
defic its  w e re  u n k n o w n  a t  th e  p o in t  o f e n ro lm en t, th e s e  c h ild ren  w e re  n o t  exc luded  from  
th e  da ta .
Secondly, a d ra w b a c k  of s ta t in g  e lig ib ility  c rite ria , like in  th is  s tudy , is th a t  re su lts  
c a n n o t b e  g e n e ra lise d  to  th e  w ho le  p o p u la tio n  of elig ib le c a n d id a te s  fo r co ch lea r 
im p lan ta tio n . The re su lts  o f th is  th e s is  on ly  p e r ta in  to  a lim ited  p a r t  of th e  p o p u la tio n  of 
ch ild ren  w ith  se v e re -to -p ro fo u n d  h e a rin g  loss. F o r exam ple, on ly  c h ild ren  w ith  
p ro fo u n d  d ea fn e ss  an d  w h o  h a d  no  b e n e fit  from  a c o n tra la te ra l c o n v en tio n a l HA w e re  
inc luded . Like in  s tu d ie s  on c h ild ren  w ith  e ith e r  a u n ila te ra l CI o r BiCIs,14,18 ch ild ren  
w ith  su ffic ien t re s id u a l h e a rin g  an d  w h o  u sed  a c o n tra la te ra l HA p r io r  to  su rg e ry , m ay
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sh o w  g re a te r  a d v a n ta g e s  of rece iv in g  a (second ) CI. A lso c h ild ren  rece iv in g  BiCIs 
s im u lta n e o u s ly  m ay  o b ta in  g re a te r  b e n e fits  of b ila te ra l hea rin g , as th e re  m ay  n o t  b e  an  
a d v e rse  effect o f a p e rio d  o f u n ila te ra l CI u se .19 C h ild ren  w ith  p e rilin g u a l o r  p o s tlin g u a l 
d ea fn e ss  m ay  a lso  s h o w  d iffe re n t re su lts . For th e  re a so n  th a t  th e  p o p u la tio n  of su b jec ts  
w ith  se v e re -to -p ro fo u n d  h e a rin g  loss is sm all a n d  th e  v a ria b ility  is su b s ta n tia lly  am o n g  
it, w e  be lieve  th a t  s ta tin g  such  elig ib ility  c r ite r ia  is inev itab le .
F u r th e rm o re , 1 of o u r  elig ib ility  c r ite r ia  w as  u n ila te ra l co ch lea r im p la n ta tio n  b e fo re  th e  
age of 3 y ea rs . As all c h ild ren  rec e iv e d  th e ir  CI1 a t  a p p ro x im a te ly  th e  sam e  age an d  th e re  
w as  c o n s id e rab le  v a ria b ility  in th e  age a t  CI2 im p lan ta tio n , w e w e re  ab le  to  in v es tig a te  
th e  e ffec t o f age a t  CI2 o r in te r - im p la n t delay . D uring  th e  co u rse  of th e  re s e a rc h  p ro je c t 
th e re  w e re  in d ica tio n s  th a t  ch ild ren  w ith  in te r - im p la n t de lays s h o r te r  th a n  2 y e a rs  w ere  
b e t te r  ab le  to  in te g ra te  th e  so u n d  of th e  CI2 th a n  c h ild ren  w ith  lo n g er  in te r - im p la n t 
delays. A lim ita tio n , h o w ev er, w as  th a t  th is  could  n o t  be  b a c k ed -u p  s ta tis tic a lly  d u e  to  
th e  sm all g ro u p  o f ch ild ren  w ith  in te r - im p la n t de lays  s h o r te r  th a n  2 y e a rs  (n=6).
Perform ance bias
I t w as im p o ssib le  to  b lin d  care  p ro v id e rs  a n d  p a rtic ip a n ts , w h ich  m ay  have b ia se d  th e  
re su lts . This m ig h t esp ec ia lly  be  t ru e  fo r th e  QoL a s se s s m e n t b y  th e  use  of 
q u e s tio n n a ire s  in  w h ich  re s u lts  can be  e x a g g e ra te d  o r u n d e re s tim a te d ; a com m on  
d ifficu lty  in  s e lf -re p o rte d  m ea su res . In c o n tra s t, w ith  re g a rd  to  e lec tro p h y sio lo g ica l an d  
aud io log ica l p e rfo rm a n c e , a s tr ic t  p ro to c o l w as fo llow ed, w h ich  m in im ised  th e  
p e rfo rm a n c e  b ias.
F u r th e rm o re , 1 of th e  8 ch ild ren , w h o  e x h ib ited  a u d ito ry  p ro c e ss in g  a n d  lea rn in g  
d ifficu lties, w as n o t in c lu d ed  in  th e  re s u lts  fo r aud io log ica l p e rfo rm a n c e , b e c au se  sp e ec h  
p e rc e p tio n  could  n o t  b e  te s te d  d u r in g  th e  f ir s t  y e a r  o f BiCI use. It is w o r th  n o tin g  th a t  
th is  child  h a d  th e  y o u n g e s t age a t  CI2 su rg ery .
D etection bias
T he o u tcom e m e a su re s  w e re  d iverse , in c lu d in g  objective, b e h a v io u ra l a n d  se lf -re p o rte d  
m e a su re s . A lthough  se lf -re p o rte d  m e a su re s  m ay  be  m o re  su sce p tib le  to  p e rfo rm a n c e  
b ias, th e y  w e re  in  a g re e m e n t w ith  b e h a v io u ra l t e s t  re su lts .
O utcom e a s se s sm e n ts  w e re  n o t  b lin d e d  a n d  re su lts  w e re  o b ta in e d  a t  1 im p la n t cen tre .
In th e  N e th e rlan d s , 3 m a n u fa c tu re rs  p ro v id e  CIs: A dvanced  B ionics C o rpo ra tion , 
C och lear C o rp o ra tio n , a n d  MED-EL C o rpo ra tion . R esu lts  w e re  on ly  o b ta in e d  in ch ild ren  
w h o  u se d  CIs fro m  th e  C och lear C o rpo ra tion .
Bias due to incom plete outcom e data
All su b je c ts  c o m p le ted  th e  s tu d y  a n d  th e re  w e re  no  su b je c ts  lo s t to  fo llow -up. A fter CI2 
su rg e ry , sp e ec h  p e rc e p tio n  in  q u ie t cou ld  n o t  be  a d m in is te re d  in  so m e  of th e  ch ild ren
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d u e  to  th e ir  lim ited  c o n c e n tra tio n  sp a n  to  p e rfo rm  all te s ts . W ith  re g a rd  to  QoL, th e  
p a re n ts  o f 1 child  d id  n o t  r e tu rn  all q u e s tio n n a ire s  a fte r  12 m o n th  of BiCI use. F o r d a ta  
on a u d ito ry  b ra in s te m  a n d  co rtica l re sp o n se s , in itia l re sp o n se s  cou ld  n o t a lw ays be 
c lea rly  evoked , w h ich  led  to  m iss in g  data . As a f te r  2 4  m o n th s  re su lts  fo r a lm o s t all 
ch ild ren  w e re  o b ta in ed , th e  r isk  o f b ias  due  to  in co m p le te  o u tco m e d a ta  w as  m inim al.
Reporting bias
O utcom es w e re  n o t  se lec tiv e ly  re p o r te d ;  th is  th e s is  p ro v id e d  b o th  a d v a n ta g e s  an d  
d isa d v a n tag e s  a sso c ia te d  w ith  b ila te ra l co ch lea r im p la n ta tio n  in  ch ild ren .
Implications for the current practice
Since 1999 , fo r D utch c h ild ren  w ith  a se v e re -to -p ro fo u n d  h e a rin g  loss u n ila te ra l 
co ch lea r im p la n ta tio n  is s ta n d a rd  care . By th e  in tro d u c tio n  o f CIs, c h ild ren  w ith  sev ere - 
to -p ro fo u n d  h e a rin g  loss o b ta in e d  access to  th e  h e a rin g  socie ty , w h ich  h a d  m ajo r 
c o n seq u e n c e s  fo r d e a f  e d u c a tio n .20 M any of th e se  co ch lea r im p la n te d  ch ild ren  n o w ad ay s  
a tte n d  to  m a in s tre a m  schoo l se ttin g s  a n d  no  lo n g e r u se  sign  language. R esea rch  sh o w e d  
th a t  schoo l-age  c h ild ren  w ith  u n ila te ra l h e a rin g  loss a re  a t  r isk  fo r sp eech -lan g u ag e  
delays an d  e d u c a tio n a l g rad e  fa ilu re s .21 Like in c h ild ren  w ith  b ila te ra l HAs,22 b ila te ra l 
co ch lea r im p la n ta tio n  m ay  lead  to  b e t te r  in te g ra tio n  in th e  h e a rin g  so c ie ty  b e c au se  of, 
fo r exam ple, h ig h e r  se c o n d a ry  schoo l qu a lifica tio n s  a n d  su b seq u e n tly , im p ro v e d  c a re e r  
o p p o rtu n itie s .
In th e  N e th e rlan d s , th is  is th e  f ir s t  lo n g itu d in a l s tu d y  on th e  effects of se q u e n tia l 
b ila te ra l co ch lea r im p la n ta tio n  in  ch ild ren . S tudy  re s u lts  in d ica te  th a t  th e  p ro v is io n  of a 
CI2 lead s  to  th e  p r im a ry  a d v a n ta g e s  of b ila te ra l h ea rin g . U nlike in  o th e r  E u ro p ean  
c o u n tr ie s  such  as th e  UK, Belgium , S cand inav ia , S w itze rlan d  a n d  G erm any, b ila te ra l 
co ch lea r im p la n ta tio n  in  c h ild ren  is n o t  p ro v id e d  as s ta n d a rd  h e a lth  ca re  in  th e  
N e th e rlan d s . If a child  is im p la n te d  u n ila te ra lly , th is  p re v e n ts  th e  n o n -im p la n te d  s ide  
fro m  a u d ito ry  d e v e lo p m e n t a n d  c o m p a red  to  c h ild ren  w ith  BiCIs, th is  p re su m a b ly  
re s u lts  in  d isa d v a n tag e s  in  com plex  lis ten in g  s itu a tio n s . F u r th e rm o re , an  a rg u m e n t of 
p a re n ts  is th a t  if th e  im p la n t fails, th e s e  ch ild ren  hav e  no  s p a re  ear. In ad d itio n , b ila te ra l 
co ch lea r im p la n ta tio n  g u a ra n te e s  th a t  th e  b e t te r  p e rfo rm in g  e a r  is im p lan ted .
T he re su lts  of th is  th e s is  p ro v id e  ev id en ce  th a t  a lth o u g h  th e  p r im a ry  a d v a n ta g e s  of 
b ila te ra l h e a rin g  w e re  ob ta in ed , a u d ito ry  co rtica l m a tu ra tio n  m ay  be  c o m p ro m ise d  by  
lo n g er in te r - im p la n t delays. In ch ild ren  w ith  b ila te ra l p ro fo u n d  s e n so r in e u ra l  d ea fn ess  
th e s e  re su lts  p lea  fo r BiCIs im p la n te d  s im u lta n e o u s ly  (b ea rin g  in m in d  th e  r isk  of 
d am ag in g  b o th  v e s tib u la r  o rg an s) o r se q u en tia lly  w ith  s h o r t  in te r - im p la n t de lays (<2 
y e a rs ) . N ev erth e less , p a re n ts  of c h ild ren  w h o  a lre a d y  rec e iv e d  a u n ila te ra l CI a n d  w ho  
fall w ith in  th e  e lig ib ility  c r ite r ia  of th is  th e s is  sh o u ld  have  th e  o p p o r tu n ity  to  decide  
w h e th e r  th e y  w a n t th e ir  child  to  b e  im p la n te d  b ila te ra lly . C ounselling  th e se  p a re n ts  is 
im p o r ta n t  fo r rea lis tic  e x p e c ta tio n s  of th e  p o te n tia l b e n e fits  a n d  d ifficu lties of b ila te ra l 
co ch lea r im p lan ta tio n , re su ltin g  in  a b e t te r  chance  of su ccess  of th e  tre a tm e n t. A lthough
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n o t  p a r t  o f th e  c u r re n t  s tu d y  ob jec tives, ch ild ren  w ith  p e rilin g u a l o r  p o s tlin g u a l d ea fn ess  
a n d  ch ild ren  w ith  p ro g re ss iv e  h e a rin g  loss, in  w h o m  th e  h e a rin g  loss is in c re a se d  to  a 
level a t  w h ich  th e re  is no  lo n g e r a b e n e f it  from  b im o d a l s tim u la tio n , sh o u ld  a lso  be 
c o n s id e re d  fo r b ila te ra l co ch lea r im p lan ta tio n .
Implications for future research
T he re s u lts  of th e  p re s e n t  th e s is  p ro v id e  ev id en ce  th a t  th e  p ro v is io n  of a se q u e n tia lly  
p laced  CI2 lead s  to  th e  p r im a ry  a d v a n ta g e s  of b ila te ra l h ea rin g . N ev erth e less , th e re  a re  
s till in d ica tio n s  th a t  th e  b ra in s te m  as w ell as th e  a u d ito ry  co rtex  b y  s tim u la tio n  of th e  
CI2 does n o t  sh o w  s im ila r  n e u ra l  a c tiv a tio n  c o m p a re d  to  s tim u la tio n  o f th e  CI1. 
T h e refo re , lo n g -te rm  re su lts  in  th is  g ro u p  m u s t  be  o b ta in e d  to  see  if a u d ito ry  b ra in s te m  
a n d  co rtica l re sp o n se s  re m a in  d iffe re n t w h e n  s tim u la tin g  e ith e r  th e  CI1 o r th e  CI2. The 
re s u lts  a lso  p ro v id e  ev idence  th a t  th e  in te r - im p la n t d e lay  h as  an  effec t on a u d ito ry  
co rtica l m a tu ra tio n , in d ic a tin g  a critica l p e rio d  in  w h ich  th e  a u d ito ry  sy s te m  is 
m ax im ally  p lastic .
W ith  re g a rd  to  la te ra lisa tio n , as th e  c h ild ren  b ecam e  o lder, th e y  w e re  b e t te r  ab le  to  use  
cogn itive  sk ills in  in d ica tin g  w h e th e r  th e  ta rg e t  s igna l cam e from  th e  le ft o r  th e  r ig h t 
side . As w e d id  n o t  c o m p e n sa te  fo r in te ra u ra l  level a n d  s p e c tra l d iffe ren ces  cau sed  by  
th e  h e a d  sh ad o w , th o se  cues w e re  availab le . F o r fu tu re  fo llow -up  of th e s e  ch ild ren  i t  is 
in te re s tin g  to  k n o w  w h a t  cues a re  m ain ly  u sed  in la te ra lisa tio n . H ow ever, w ith  th e  
c u r r e n t  p ro ce sso rs , p ro c e ss in g  tim es  w ill d e te r io ra te  in te ra u ra l  tim in g  d iffe ren ces  (ITD) 
a n d  th e  a u to m a tic  gain  (an d  sen sitiv ity ) co n tro l o f th e  2 in d e p e n d e n t p ro c e s so rs  m ay  
d is tu rb  in te ra u ra l  level d iffe ren ces  (ILDs). As b ila te ra l co ch lea r im p la n ta tio n  in  ch ild ren  
is re im b u rs e d  in  a g ro w in g  n u m b e r  of co u n trie s , th e  d e v e lo p m e n t of c o u p led  p ro c e s so rs  
th a t  d rive  b o th  e le c tro d e  a rra y s  in  a w ay  th a t  ILDs re m a in  in ta c t  is an  im p o r ta n t  n e x t 
s tep .
I rre sp e c tiv e  o f th e  b ila te ra l a d v an tag es , th e  re s u lts  o f th is  th e s is  sh o w e d  a d o m in a n t CI1 
p e rfo rm a n c e , w h ich  led  to  d ifficu lties in  w e a r in g  th e  CI2 in  so m e  of th e  ch ild ren . T hese  
d ifficu lties m ig h t b e  overcom e b y  in tro d u c in g  a d iffe re n t re h a b ilita tio n  a p p ro a c h . The 
ch ild ren  w ith in  o u r  s tu d y  g ro u p  w e re  a d v ised  to  w e a r  b o th  CIs on  a da ily  b asis . P e rh ap s  
if c h ild ren  w e re  e n c o u ra g e d  to  w e a r  th e ir  CI2 a lo n e  a t  h om e fo r a few  h o u rs  a day, th e y  
m ig h t b eco m e  m o re  a c cu s to m e d  to  lis ten in g  w ith  th e ir  CI2. F u r th e rm o re , e x tra  tra in in g  
fo r lis ten in g  w ith  th e  CI2 a lone  m ig h t m ake  th e  child  m o re  c o n fid e n t a b o u t th e  h e a rin g  
ab ilities  w ith  th e  CI2. In th e  fu tu re , th e  effects o f such  a re h a b ilita tio n  a p p ro a c h  sh o u ld  
b e  in v es tig a ted  in  c h ild ren  a f te r  s e q u e n tia l b ila te ra l co ch lea r im p lan ta tio n .
An ou tcom e, w h ich  is n o t  c o n s id e re d  in th is  th es is , is th e  co st-e ffec tiv en ess  of se q u e n tia l 
b ila te ra l co ch lea r im p lan ta tio n . D esp ite  th e  fac t th a t  in  c h ild ren  w ith  a p ro fo u n d  
s e n so r in e u ra l  h e a rin g  loss b ila te ra l h e a rin g  im p ro v es  th e  p e rc e p tio n  of sp e ec h  a n d  th e  
la te ra lisa tio n  of so u n d  in  c o m p a riso n  to  s ta n d a rd  u n ila te ra l co ch lea r im p lan ta tio n , th e  
costs  o f a  CI2 m u s t  be  ju s tified  b y  its  ou tcom es. The sh o rt-  to  m e d iu m -te rm  re su lts  m ay,
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th e re fo re , n o t  p ro v id e  en o u g h  ev idence  th a t  like fo r c h ild ren  w ith  a u n ila te ra l CI,23 th e  
p ro v is io n  of a CI2 a lso  re s u lts  in  a cascade  o f effects in  th e  m ed iu m - to  lo n g -te rm . Som e 
o f th e  costs  o f p ro v id in g  a CI2 m ay  be  o ffse t by  sav ings in d u ce d  by  th e s e  a d v an tag es , like 
h ig h e r  acad em ic  a c h ie v e m e n ts  a n d /o r  less  su p p o rt. L ong -te rm  re s u lts  o f th e se  
se q u e n tia lly  im p la n te d  c h ild ren  sh o u ld  be  o b ta in e d  to  le a rn  m o re  a b o u t th e  effec t of 
se q u e n tia l b ila te ra l co ch lea r im p la n ta tio n  a fte r  lo n g er p e rio d s  o f BiCI use  on o u tco m es 
like language  skills, p sychosoc ia l fu n c tio n in g  a n d  acad em ic  ach iev em en t. H ow ever, som e 
d raw b a ck s  a re  th a t: 1) th e  effects o f b ila te ra l co ch lea r im p la n ta tio n  on  th e se  ou tco m es 
m ay  tak e  m an y  y e a rs  to  evolve; 2) w h e n e v e r  th e se  o u tco m es a re  g a th e red , th e  c u rre n t  
CI sy s te m s  an d  te c h n iq u e s  w ill be  o bso le te ; 3) no  elig ib ility  c r ite r ia  w e re  s ta te d  fo r 
soc io eco n o m ic  s ta tu s  a n d  e d u c a tio n a l p lacem en t, w h ich  a re  im p o r ta n t  fac to rs  in  lo n g ­
te rm  re s u lts  a f te r  co ch lea r im p lan ta tio n ; 4) a n y  p o ss ib le  a d v e rse  effec t o f in te r - im p la n t 
d e lay  is d ifficu lt to  b y p ass. One w ay  to  o v erco m e th e se  issu e s  is to  g a th e r  lo n g -te rm  
re s u lts  in  language , p sychosoc ia l fu n c tio n in g  a n d  acad em ic  a c h ie v e m e n ts  from  
s im u lta n e o u sly  im p la n te d  ch ild ren  a n d  co m p a re  th e se  re s u lts  w ith  th o se  of a m a tc h ed  
re fe re n c e  g ro u p  of c h ild ren  w ith  a u n ila te ra l CI. In th is  w ay, re s u lts  w ill n o t  tak e  y e a rs  to  
o b ta in  an d  an y  p o ss ib le  a d v e rse  effec t o f in te r - im p la n t d e lay  is b y p assed .
General conclusions
W h en  c o m p a rin g  re su lts  from  th e  2 CI s id es  a lone , a f te r  2 4  m o n th s  of BiCI ex perience , 
th e  CI2 h as  n o t  c a u g h t up  w ith  th e  CI1 in  te rm s  of a u d ito ry  m a tu ra tio n  a n d  sp eech  
p e rc e p tio n . Still, a p p ro x im a te ly  80 %  of th e  c h ild ren  d e m o n s tra te  b ila te ra l ad v an tag es , 
e sp ec ia lly  fo r sp e ec h  p e rc e p tio n  a n d  to  som e e x te n t fo r la te ra lisa tio n . In a g re e m e n t, 
d ise a se  specific  QoL im p ro v e d  a fte r  b ila te ra l im p lan ta tio n . Like th e  re su lts  fo r sp e ec h  
p e rc e p tio n  in  no ise , c h ild ren  w ith  BiCIs a lso  o b ta in e d  h ig h e r  d isease -sp ec ific  QoL as 
o p p o se d  to  th e  ch ild ren  o f th e  UCI g roup . In te r - im p la n t d e lay  d id  n o t in fluence  th e  
b e h a v io u ra l a n d  QoL m e a su re s . H ow ever, ch ild ren  w ith  in te r - im p la n t de lays above  2 
y e a rs  in d ic a te d  a p re fe re n c e  fo r th e ir  CI1 w h e re a s  c h ild ren  w ith  in te r - im p la n t de lays 
less  th a n  2 y e a rs  d id  n o t  sh o w  a n y  p re fe re n c e  fo r w e a r in g  th e  CI1 o r  th e  CI2. T hese  
o b se rv a tio n s  w e re  s u p p o r te d  by  th e  d a ta  on EACRs in  th e se  ch ild ren ; lo n g er in te r ­
im p la n t de lays hav e  a s ig n ifican t a d v e rse  effec t on  th e  a u d ito ry  co rtica l m a tu ra tio n  by  
s tim u la tio n  o f th e  CI2. T h e refo re , b ila te ra l co ch lea r im p la n ta tio n  w o u ld  be  m o s t 
benefic ia l in  c h ild ren  w ith  s h o r t  o r  no  in te r - im p la n t delays. If p a re n ts  a re  p ro v id e d  w ith  
rea lis tic  counselling , c h ild ren  w ith  lo n g er in te r - im p la n t de lays w ill o b ta in  b e n e fits  from  
b ila te ra l h e a rin g  as well.
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Summary
This thesis starts  in chapter 1 by providing 1) a general introduction into the effects of 
cochlear im plantation in children w ith severe-to-profound sensorineural hearing loss 
and 2) the study protocol. In the Netherlands, unilateral cochlear im plantation in 
children w ith deafness is standard  health care since 1999. Unlike the provision of 
acoustical hearing aids (HAs), cochlear im plantation in deaf children enabled them  to 
access speech and language through hearing. With the curren t cochlear im plants (CIs), 
w ithin Hearing & Implants (Radboud University Nijmegen Medical Centre), 45%  of the 
children w ithout additional disabilities attain  to m ainstream  school settings. Language 
skills on average, however, are still behind those of their peers w ith norm al hearing. An 
im portan t factor th a t presum ably contributes to these language delays is th a t although 
children obtain good speech perception in quiet, they still encounter difficulties in the 
m ore advanced listening conditions, like speech perception in noise and localisation. 
Providing bilateral cochlear im plants (BiCIs) in these children may improve hearing in 
noise and localisation and, subsequently, these children may pick up speech and 
language m ore incidentally than children w ith a unilateral CI. The advantages of hearing 
w ith either 2 norm al-functioning ears or bilateral hearing devices, was further discussed 
in this chapter. These advantages led to the prim ary objective of this thesis: the 
assessm ent of the short- to m edium -term  effects of sequential bilateral cochlear 
im plantation for children w ith profound sensorineural hearing loss. These effects w ere 
assessed for m aturation of the auditory pathways, audiological perform ance and quality 
of life (QoL). A total of 30 children w ere im planted a t the Radboud University Nijmegen 
Medical Centre and received BiCIs sequentially. The mean age in receiving the first 
cochlear im plant (CI1) was 1.8 years (SD: 0.5 years; range: 0.9-2.7 years) while the mean 
age in receiving the second cochlear im plant (CI2) was 5.3 years (SD: 1.6 years; range: 
2.4-8.5 years). The m ean interval betw een the 2 im plantations (inter-im plant delay) was
3.5 years (SD: 1.5 years; range: 1.2-7.2 years). Outcomes w ere also obtained in a 
reference group of 9 children w ith a unilateral CI, referred  to as the UCI group, who 
w ere m atched for degree of deafness, age a t unilateral im plantation and chronological 
age of the study group. Children w ithin the study group w ere tested  prior to the 
intervention (CI2 surgery) and after 6, 12 and 24 m onths of BiCI use. The UCI group 
w ere tested  twice w ith a 1 year interval betw een the 2 assessm ent points. Outcomes of 
the UCI group w ere com pared w ith the BiCI group after 12 and 24 m onths of BiCI use.
Chapter 2 provided a system atic review  on the clinical effectiveness of bilateral 
cochlear im plantation com pared w ith unilateral cochlear im plantation alone or w ith a 
contralateral HA (bimodal stim ulation), in children w ith severe-to-profound hearing 
loss. In 2006 the National Institute for Health and Clinical Excellence (NICE) in the UK 
has conducted a system atic review  on cochlear im plantation. In this chapter, the 
paediatric p a rt of the NICE review  w as updated. The electronic databases MEDLINE and 
Embase w ere searched for European, North America, and Australasian studies published 
betw een October 2006 and June 2009. Reference lists of the included articles w ere also 
searched for relevant articles. Studies w ere included if they com prised data on
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comparisons between bilateral cochlear implantation and unilateral cochlear 
implantation and/or bilateral cochlear implantation and bimodal stimulation, in 
children with severe-to-profound sensorineural hearing loss. The following outcome 
measures were analysed: audiological outcomes, speech perception, speech production, 
functional capacities, health-related QoL, and/or educational outcomes. Characteristics 
of the participants, interventions, outcomes, and methodological comments were 
entered into data extraction forms and the level of evidence was assessed. Results were 
standardised for each outcome measure by calculating a standardised mean difference 
(effect size). Effect sizes could not be pooled because of the heterogeneity of the studies. 
Therefore, results were presented qualitatively. Although the level of evidence was low, 
the advantages of BiCIs corresponded with the primary benefits of bilateral hearing, that 
is, improved speech perception in quiet and noise. Localisation results were less 
consistent. In the included studies, no audiological data, data on speech production, or 
data on educational outcomes were available. The study presented in this thesis had a 
higher level of evidence compared to the studies described in chapter 2.
In chapter 3 the effect of sequential bilateral cochlear implantation on brainstem  
maturation was assessed. Electrically evoked auditory brainstem responses (EABRs) 
evoked by the CI1 and CI2 were measured intraoperatively and postoperatively after 6, 
12 and 24 months of BiCI use. EABR latencies were compared within the study group 
over time. Wave III did not show any significant differences between the 2 sides, 
whereas wave V of the CI2 was initially prolonged compared to the CI1. Although still 
apparent, this interaural latency difference of wave V was no longer significant after 12 
and 24 months of BiCI use. Interwave interval III to V latencies remained significantly 
prolonged evoked by the CI2. Age in receiving the CI2 did not account for the individual 
differences for all waveforms. The data suggest that auditory brainstem maturation will 
occur after a relatively long period of unilateral deafness irrespective of the age in 
receiving the CI2.
The purpose of chapter 4  was to determine whether auditory cortical processing by CI2 
stimulation would become comparable with that of the previously implanted CI1. The 
inter-implant delay was considered as an influential factor. Electrically evoked auditory 
cortical responses (EACRs) were obtained after 6, 12 and 24 months of BiCI use. 
Latencies of peaks P1, N1, P2 and N2 as well as the RMS amplitudes were assessed. The 
differences between EACR latencies and RMS amplitudes evoked by the 2 implants were 
compared over time. For reference purposes, responses were also measured in the UCI 
group and in a group of 33 subjects with normal hearing. The group with normal hearing 
was measured once to serve as a reference whereas the UCI group were measured over 
time to compare their data to the data from the BiCI group after 12 and 24 months. 
EACR latencies of the CI2 were significantly prolonged compared to the CI1 at 6 and 12 
months. After 24 months, however, only small differences in EACR latencies between the 
two implant sides were found. These differences were significant with regard to the P1 
peak. RMS amplitudes evoked by the CI2 were significantly smaller than those evoked
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by the CI1 a t all m easurem ent points. Inter-im plant delay had an adverse effect on RMS 
am plitudes and waveform morphology bu t not on latencies. Compared to the reference 
group w ith norm al hearing, P1 and N1 latency responses from the CI2 of the study group 
w ere significantly prolonged after 6 m onths of BiCI use. After 12 and 24 months, EACRs 
from the CI2 w ere w ithin age-appropriate levels and also did no t differ significantly in 
com parison to EACRs of the UCI group. In conclusion, the results in this chapter provide 
evidence th a t sequential bilateral im plantation, even after longer periods of unilateral CI 
stimulation, leads to age-appropriate auditory cortical m aturation in children with 
profound sensorineural deafness as was m easured by EACR latencies. W ithin subjects, 
however, differences in EACRs evoked betw een the two CI sides w ere still found. Based 
on the morphology and am plitude of the responses, results indicate th a t longer in te r­
im plant delays have an adverse effect on the sym m etry of auditory cortical m aturation 
betw een both im plant sides. Future results from the study group m ust be obtained to 
point out if these differences betw een both im plant sides will disappear after m ore BiCI 
experience.
In chapter 5 the effect of sequential bilateral cochlear im plantation was assessed for 
speech perception and directional hearing. Speech perception in quiet and noise and 
lateralisation w ere m easured preoperatively and after 6, 12 and 24 m onths of BiCI use. 
After 24 months, a minimum audible angle (MAA) was determ ined. Over time, speech 
perception was also m easured in the UCI group and com pared to the results of the study 
group after 12 and 24 months. Bilateral advantages w ith regard to speech perception in 
quiet and in noise w ere already presen t after 6 m onths of BiCI use and improved 
thereafter. For speech perception in noise, after 24 months, the group results showed 
th a t the children w ith BiCIs had significantly be tte r speech perception in noise than 
children w ith a unilateral CI. The percentage of the study group th a t could accurately 
lateralise increased from 57% after 6 m onths to 83% after 24 months. With regard to 
the MAA task, loudspeakers w ere placed on average a t ±42°. Age a t second im plantation 
did no t have an influence on the outcomes. From these results it can be concluded th a t 
the advantages of bilateral hearing occur after sequential bilateral cochlear im plantation 
and tha t age a t second im plantation does not influence the am ount of bilateral 
advantage. Furtherm ore, longer periods of BiCI use lead to greater bilateral advantages.
Chapter 6 aimed a t investigating the effect of sequential bilateral cochlear im plantation 
on QoL. QoL was assessed before CI2 surgery and after 12 and 24 m onths of BiCI use. 
QoL was also assessed in the UCI group and was com pared w ith the study group after 12 
and 24 months. Six questionnaires w ere used to m easure QoL: overall health status 
using a Visual Analogue Scale (VAS), the Health Utilities Index Mark 3 (HUI3), the 
Pediatric Quality of Life Inventory (PedsQL), the Glasgow Children's Benefit Inventory 
(GCBI), the Speech, Spatial and Qualities of Hearing Scale (SSQ) and the Nijmegen 
Cochlear Im plant Questionnaire (NCIQ). Results showed th a t no significant gain in 
generic QoL m easures associated w ith sequential bilateral cochlear im plantation was 
found. The non-significant effect yielded on the HUI3, could be a ttributed  to the ceiling
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effect and the lack of resolution in the hearing domain obtained in CI recipients. The gain 
in QoL may, therefore, be underestimated. In contrast, the 3 disease-specific 
questionnaires showed a significant improvement in QoL. Results also showed that 
unlike the UCI group, QoL measures continued to improve with longer durations of BiCI 
use. Within the study group, the age at CI2 implantation had no influence on the gain in 
QoL. From this chapter it can be concluded that sequential bilateral cochlear 
implantation in children is associated with an improvement in QoL, although this is 
predominantly reflected in the disease-related aspects of QoL and not necessarily in 
generic QoL.
In chapter 7 the 2 objectives of the study were 1) measuring parental expectation 
before surgery of the CI2 and comparing these results with parental observation 
postoperatively and 2) measuring CI2 device use and comparing these to unilateral CI 
use within the first 2 years of implant use. With regard to device use, results were also 
compared to a different reference group of unilateral CI users than that was introduced 
in chapter 1. These 30 unilateral CI users were matched with the BiCI group for age at 
CI2 implantation (mean age at unilateral implantation: 5.2 years). Parents of the 
children with BiCIs completed the Parents' Perspective questionnaire before CI2 surgery 
(parental expectations) and after 12 and 24 months of BiCI use (parental observations). 
The questionnaire included 1 additional question on sound localisation. Device use of 
the CI2 was compared with that of the CI1 and with that of the reference group. Device 
use was assessed after 6, 12 and 24 months of CI use for the BiCI group and after 12 and 
24 months for the reference group. Parental expectations with regard to sound 
localisation were significantly higher than the observed changes within the first year of 
BiCI use. The observed changes in communication, listening to speech without 
lipreading, and speech and language skills met or surpassed parental expectations. 
Irrespective of age at CI2 implantation, the CI2 was significantly less worn than the CI1. 
No significant difference in device use was observed between the study group and the 
reference group. Results also showed a clear positive correlation between the difference 
in speech recognition between the 2 CIs alone and device use of the CI2. In conclusion, 
preoperative parental expectations were too high with regard to localisation skills 
within the first year of BiCI use. Furthermore, these sequentially implanted children may 
have more difficulties in wearing the CI2 than they had during the CI1 rehabilitation 
period. The results suggest that this was caused by the dominant CI1 performance. Such 
data are of high importance in order to optimally counsel parents of children 
considering a CI2.
In chapter 8 a general discussion and conclusion was provided with regard to the main 
findings within this thesis. The strengths and limitations of the thesis were described by 
assessing the risks of bias. The implications for the current practice and for future 
research were also discussed. Results indicated that sequential bilateral cochlear 
implantation in children led to improvement of speech perception in quiet and noise and 
lateralisation. Consequently, these children demonstrated a higher QoL obtained by
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disease-specific questionnaires. Although the results w ith BiCIs are promising, these 
children still dem onstrated a dom inant CI1 perform ance and results on EACRs 
suggested th a t longer inter-im plant delays have an adverse effect on the auditory 
cortical m aturation by stim ulation of the CI2. Unlike the behavioural results of this 
thesis, these results support the idea th a t BiCIs should be ideally provided 
sim ultaneously or sequentially w ith sho rt inter-im plant delays to reduce the adverse 
effect of longer inter-im plant delays. However, if parents of children w ith longer in te r­
im plant delays are provided w ith realistic counselling, these children will also benefit 
from bilateral hearing.
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Samenvatting
Dit proefschrift begint in hoofdstuk 1 m et 1) een algemene introductie over de effecten 
van cochleaire im plantatie bij kinderen m et een ernstig to t zeer ernstige perceptieve 
slechthorendheid en 2) he t onderzoeksprotocol. In Nederland is sinds 1999 unilaterale 
cochleaire im plantatie bij dove kinderen standaard  verzekerde zorg. In tegenstelling to t 
h e t aanpassen van akoestische hoortoestellen (HT’s), maakte cochleaire im plantatie het 
voor dove kinderen mogelijk om toegang te verkrijgen to t spraak  en taal door middel 
van horen. Met de huidige cochleaire im plantaten (CI’s) volgen binnen Hearing & 
Implants (Universitair Medisch Centrum St Radboud) 45%  van de dove kinderen, 
zonder bijkomende beperkingen, regulier onderwijs. De gemiddelde taalvaardigheid van 
deze kinderen blijft echter achter op hun norm aalhorende leeftijdsgenoten. Een 
belangrijke factor, die w aarschijnlijk bijdraagt aan deze taalachterstand, is dat ondanks 
het feit dat deze kinderen spraak in stilte goed kunnen verstaan, zij nog steeds 
moeilijkheden ondervinden in de m eer geavanceerde luistercondities, zoals 
spraakverstaan in ruis en lokalisatie. Het im planteren van bilaterale cochleaire 
im plantaten (BiCI's) bij deze kinderen zou het horen in ruis en lokalisatie kunnen 
verbeteren  en dientengevolge zouden deze kinderen spraak  en taal m eer incidenteel 
kunnen verw erven in vergelijking to t kinderen m et een unilaterale CI. De voordelen van 
horen m et ofwel tw ee norm aalfunctionerende oren ofwel bilaterale hoorhulpm iddelen 
w erden verder bediscussieerd in dit hoofdstuk. Deze voordelen leidden to t he t prim aire 
doel van dit proefschrift: he t vaststellen van de korte to t middellange term ijneffecten 
van sequentiële bilaterale cochleaire im plantatie bij kinderen m et een zeer ernstige 
perceptieve slechthorendheid. Er w erd onderzoek verrich t naar he t effect hiervan op de 
ontwikkeling van de auditieve banen, de audiologische prestaties en de kwaliteit van 
leven. In totaal w erden 30 kinderen bilateraal geïm planteerd in het Universitair Medisch 
Centrum St Radboud en ontvingen BiCI’s sequentieel. De gemiddelde leeftijd w aarop zij 
hun eerste CI (CI1) ontvingen was 1.8 jaar (SD: 0.5 jaar; range: 0.9-2.7 jaar) en de 
gemiddelde leeftijd w aarop zij hun tw eede CI (CI2) ontvingen was 5.3 jaar (SD: 1.6 jaar; 
range: 2.4-8.5 jaar). Het gemiddelde interval tussen beide im plantaties (inter- 
im plantatie interval) was 3.5 jaar (SD: 1.5; range: 1.2-7.2 jaar). Onderzoek w erd 
eveneens verrich t bij een referentiegroep van 9 kinderen m et een unilaterale CI (de UCI- 
groep), gem atcht m et de onderzoeksgroep op e rnst van slechthorendheid, leeftijd bij 
unilaterale cochleaire im plantatie en kalenderleeftijd. Kinderen in de onderzoeksgroep 
w erden getest vóór de interventie (CI2 operatie) en na 6, 12 en 24 m aanden van BiCI- 
gebruik. De UCI-groep w erd 2 keer getest m et een interval van 1 jaar tussen beide 
m eetm om enten. De resultaten van de UCI-groep w erden vergeleken m et de resultaten 
van de BiCI-groep na 12 and 24 m aanden van BiCI-gebruik.
In hoofdstuk 2 w erd een system atische review  gegeven m et betrekking to t de klinische 
effectiviteit van bilaterale cochleaire im plantatie in vergelijking to t unilaterale 
cochleaire im plantatie al dan n iet in combinatie m et een contralateraal HT (bimodale 
stimulatie). In he t Verenigd Koninkrijk is door de National Institute for Health and 
Clinical Excellence (NICE) in 2006 een system atische review  m et betrekking cochleaire
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implantatie uitgevoerd. In dit hoofdstuk werd het pediatrische gedeelte van de NICE- 
review geactualiseerd. De elektronische databases MEDLINE en Embase werden 
doorzocht op Europese, Noord-Amerikaanse en Australaziatische onderzoeken, 
gepubliceerd tussen oktober 2006 en juni 2009. De referentielijsten van de 
geïncludeerde onderzoeken werden eveneens doorzocht op relevante artikelen. 
Onderzoeken werden geïncludeerd wanneer een vergelijking gemaakt werd tussen 
bilaterale cochleaire implantatie en unilaterale cochleaire implantatie en /o f bilaterale 
cochleaire implantatie en bimodale stimulatie, bij kinderen met een ernstige tot zeer 
ernstige perceptieve slechthorendheid. De volgende uitkomstmaten werden 
geanalyseerd: audiologische uitkomstmaten, spraakperceptie, spraakproductie, 
functionele capaciteiten, gezondheidsgerelateerde kwaliteit van leven en /o f educatieve 
uitkomstmaten. De karakteristieken van de participanten, de interventie, de uitkomsten 
en de methodologische kwaliteit werden in data-extractieformulieren ingevoerd en het 
niveau van evidence werd bepaald. De resultaten werden per uitkomstmaat 
gestandaardiseerd door het berekenen van een gestandaardiseerd gemiddeld verschil 
(effectgrootte). De effectgrootten per uitkomstmaat konden niet worden gepoold 
vanwege de heterogeniteit van de verschillende onderzoeken. Daartoe werden de 
resultaten kwalitatief gepresenteerd. Ondanks dat het niveau van evidence laag was, 
kwamen de voordelen van BiCI’s overeen met de primaire voordelen van bilateraal 
horen, dat wil zeggen verbeterd spraakverstaan in stilte en in ruis. De 
lokalisatieresultaten waren minder consistent. Er werden geen onderzoeken 
geïncludeerd die audiologische data, data met betrekking tot spraakproductie of 
educatieve data bevatten. Het uitgevoerde onderzoek beschreven in dit proefschrift 
heeft een hoger niveau van evidence in vergelijking met de onderzoeken beschreven in 
hoofdstuk 2.
In hoofdstuk 3 werd het effect van sequentiële bilaterale cochleaire implantatie op de 
ontwikkeling van de hersenstam beschreven. Intraoperatief en postoperatief, na 6, 12 en 
24 maanden, werden bij de CI1 en CI2 afzonderlijk elektrisch opgewekte 
hersenstamresponsies (EABR’s) gemeten. Latentietijden van de EABR werden in de tijd 
vergeleken binnen de onderzoeksgroep. Piek III liet geen significant verschil zien tussen 
beide CI-zijden, terwijl piek V, opgewekt aan de CI2-zijde, aanvankelijk vertraagd was in 
vergelijking met de CI1. Na 12 en 24 maanden was dit interaurale verschil in latentietijd 
van piek V nog steeds zichtbaar, maar niet langer significant. Het interpiekinterval III tot 
V aan de CI2-zijde bleef significant vertraagd. De leeftijd bij implantatie van de CI2 was 
geen verklarende factor voor de individuele verschillen van de EABR’s. De data 
suggereren dat de auditieve hersenstam zich nog steeds kan ontwikkelen na een relatief 
lange periode van unilaterale doofheid, ongeacht de leeftijd bij implantatie van de CI2.
Het doel van hoofdstuk 4  was om vast te stellen of de auditieve corticale verwerking bij 
het stimuleren van de CI2 vergelijkbaar zou worden met de verwerking van dat van de 
eerder geïmplanteerde CI1. Het inter-implantatie interval werd beschouwd als een 
verklarende factor. Elektrisch opgewekte corticale responsies (EACR’s) werden gemeten
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na 6, 12 en 24 m aanden van BiCI-gebruik. De latentietijden van de pieken P1, N1, P2 en 
N2, evenals de w ortel u it de gemiddelde kw adratensom  (RMS) van de amplitude, 
w erden bepaald. De verschillen in latentietijden en RMS am plitudes opgew ekt door 
beide CI’s afzonderlijk w erden in de tijd vergeleken. Voor referentiedoeleinden, w erden 
er eveneens corticale responsies gem eten bij de UCI-groep en bij een groep van 33 
norm aalhorende proefpersonen. De norm aalhorende groep w erd als referentie slechts 
één keer gemeten, terw ijl de UCI-groep 2 keer w erd gemeten, waarbij hun data w erd 
vergeleken m et de BiCI-groep na 12 en 24 m aanden. Ten opzichte van de EACR’s 
opgew ekt aan de CI1-zijde, liet stim ulatie van de CI2 significant vertraagde latentietijden 
zien na zowel 6 als 12 m aanden van BiCI-gebruik. Na 24 m aanden w erden echter alleen 
kleine verschillen in latentietijden tussen beide CI’s gevonden. Deze verschillen w aren 
significant m et betrekking to t de P1-piek. Op alle m eetm om enten w aren de RMS 
am plitudes door stim ulatie van de CI2 significant kleiner dan door stim ulatie van de CI1. 
Het inter-im plantatie interval had een nadelig effect op de RMS am plitudes en de 
morfologie van de responsies, m aar n ie t op de latentietijden. In vergelijking m et de 
norm aalhorende referentiegroep w aren de latentietijden van de P1 en de N1 bij 
stim ulatie van de CI2 na 6 m aanden van BiCI-gebruik significant vertraagd. Na 12 en 24 
m aanden w aren de EACR’s door stim ulatie van de CI2 leeftijdsadequaat en verschilden 
deze ook niet significant van de UCI-groep. Uit de resultaten  van dit hoofdstuk kan op 
basis van de latentietijden van de EACR geconcludeerd w orden dat bij kinderen m et een 
zeer ernstige perceptieve slechthorendheid, zelfs na langere perioden van unilaterale CI- 
stimulatie, sequentiële bilaterale im plantatie leidt to t een leeftijdsadequate auditieve 
corticale ontwikkeling. Binnen de kinderen m et BiCI’s blijken er echter nog steeds 
verschillen tussen beide zijden. Op basis van de morfologie en am plitude van de 
responsies duiden de resultaten  er op dat langere inter-im plantatie intervallen een 
nadelig effect hebben op de sym m etrie van de auditieve corticale verw erking tussen 
beide CI-zijden. Toekomstige resultaten van de onderzoeksgroep m oeten uitwijzen of de 
verschillen tussen stim ulatie van beide CI-zijden afzonderlijk zullen verdw ijnen na m eer 
ervaring m et BiCI’s.
In hoofdstuk 5 w erd het effect van sequentiële bilaterale cochleaire im plantatie op het 
spraakverstaan en richtinghoren bepaald. Spraakverstaan in stilte en ruis en 
links/rechtslokalisatie (lateralisatie) w erden preoperatief en na 6, 12 en 24 m aanden 
van BiCI-gebruik gemeten. Na 24 m aanden w erd er een ju ist w aarneem bare hoek (MAA) 
bepaald. Het spraakverstaan w erd ook bij de UCI-groep gem eten op 2 verschillende 
m om enten in de tijd. Deze resultaten w erden m et de BiCI-groep vergeleken na 12 en 24 
m aanden van BiCI-gebruik. Met betrekking to t he t spraakverstaan in stilte en in ruis 
w aren bilaterale voordelen al zichtbaar na 6 m aanden van BiCI-gebruik en vergrootten 
nadien. Na 24 m aanden lieten de groepsresultaten zien dat bij de kinderen m et BiCI’s 
he t spraakverstaan in ruis significant be ter was dan bij de kinderen m et een unilaterale 
CI. Het percentage van de kinderen in de onderzoeksgroep dat accuraat kon 
lateraliseren nam  toe van 57% na 6 m aanden to t 83%  na 24 m aanden. Met betrekking 
to t de MAA-taak was de gemiddelde plaatsing van de luidsprekers ±42°. Leeftijd bij
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tw eede im plantatie had geen invloed op de uitkomsten. Uit deze resultaten  kan 
geconcludeerd w orden dat de voordelen van bilateraal horen zich voordoen na 
sequentiële bilaterale cochleaire im plantatie en dat de leeftijd bij tw eede im plantatie 
geen invloed heeft op de grootte van het bilaterale voordeel. D aarnaast leidt een langere 
periode van BiCI-gebruik to t grotere bilaterale voordelen.
H oofdstuk 6 had to t doel he t onderzoeken van het effect van sequentiële bilaterale 
cochleaire im plantatie op de kw aliteit van leven. De kw aliteit van leven w erd vóór de 
operatie van de CI2 en na 12 en 24 m aanden van BiCI-gebruik vastgesteld. Kwaliteit van 
leven w erd eveneens bij de UCI-groep bepaald en vergeleken m et de onderzoeksgroep 
na 12 en 24 m aanden. Er w erden 6 vragenlijsten gebruikt om kw aliteit van leven te 
meten: algehele gezondheid m et he t gebruik van een Visual Analogue Scale (VAS), de 
Health Utilities Index Mark 3 (HUI3), de Pediatric Quality of Life Inventory (PedsQL), de 
Glasgow Children’s Benefit Inventory (GCBI), de Speech, Spatial and Qualities of Hearing 
Scale (SSQ) en de Nijmegen Cochlear Im plant Questionnaire (NCIQ). Uit de resultaten 
bleek dat sequentiële bilaterale cochleaire im plantatie n ie t sam engaat m et een 
significante w inst in de generieke m aten voor kw aliteit van leven. Het niet-significante 
effect dat behaald w erd op de HUI3 kon w orden toegeschreven aan het plafondeffect en 
het gebrek aan resolutie in he t hoordom ein bij m ensen m et een CI. Daartoe is de w inst in 
kw aliteit van leven wellicht onderschat. In tegenstelling to t de generieke kw aliteit van 
leven lieten de 3 ziektespecifieke vragenlijsten een significante verbetering in kwaliteit 
van leven zien. De resultaten  lieten ook zien dat, in tegenstelling to t de UCI-groep, de 
kw aliteit van leven in de onderzoeksgroep verder verbeterde naarm ate de duur van 
BiCI-gebruik toenam . De leeftijd bij tw eede im plantatie had geen effect op de grootte van 
de w inst in kw aliteit van leven. Uit d it hoofdstuk kan geconcludeerd w orden dat 
sequentiële bilaterale cochleaire im plantatie bij kinderen sam engaat m et een 
verbetering in kwaliteit van leven, dat echter voornam elijk to t uitdrukking kom t in de 
ziektespecifieke aspecten van kw aliteit van leven en n iet noodzakelijkerwijs in de 
generieke kw aliteit van leven.
In hoofdstuk 7 w aren de 2 doelstellingen van het onderzoek als volgt: 1) he t bepalen 
van de verw achtingen van ouders vóór de operatie en het vergelijken van deze 
verw achtingen m et de postoperatieve observaties van ouders en 2) he t bepalen van de 
draagduur van de CI2 en het vergelijken van deze draagduur m et de draagduur van een 
unilaterale CI binnen de eerste 2 jaar van CI-gebruik. Met betrekking to t de draagduur 
w erden de resultaten  eveneens vergeleken m et een referentiegroep van unilaterale CI- 
gebruikers anders dan de referentiegroep die in hoofdstuk 1 w erd beschreven. Deze 30 
unilaterale CI-gebruikers w erden m et de BiCI-groep gem atcht op leeftijd bij tw eede 
im plantatie (gemiddelde leeftijd bij unilaterale implantatie: 5.2 jaar). De ouders van de 
kinderen m et BiCI’s vulden de Parents’ Perspective vragenlijst in vóór de CI2-operatie 
(verw achtingen van ouders) en na 12 en 24 m aanden (observaties van ouders). Eén 
extra vraag over geluidslokalisatie was aan de vragenlijst toegevoegd. De draagduur van 
de CI2 w erd vergeleken m et dat van de CI1 en m et dat van de referentiegroep. Voor de
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onderzoeksgroep w erd de draagduur bepaald na 6, 12 en 24 m aanden van BiCI-gebruik 
en voor de referentiegroep na 12 en 24 m aanden van CI-gebruik. Binnen het eerste jaar 
van BiCI-gebruik w aren de verw achtingen m et betrekking to t geluidslokalisatie 
significant hoger dan de geobserveerde veranderingen. De geobserveerde 
veranderingen in communicatie, luisteren naar spraak  zonder liplezen en spraak- en 
taalvaardigheden voldeden of overtroffen de verw achtingen van ouders. De CI2 w erd 
significant m inder gedragen dan de CI1, ongeacht de leeftijd bij tw eede implantatie. Er 
w erd geen significant verschil gevonden tussen de draagduur van de referentiegroep en 
dat van de onderzoeksgroep. De resultaten  lieten eveneens een duidelijke positieve 
correlatie zien tussen het verschil in spraakverstaan tussen beide CI’s afzonderlijk en de 
draagduur van de CI2. Uit de resultaten van dit hoofdstuk kan geconcludeerd w orden 
dat de preoperatieve verw achtingen van ouders m et betrekking to t geluidslokalisatie 
voor het eerste jaar van BiCI-gebruik te hoog w aren. D aarnaast bleek dat, tijdens de 
revalidatieperiode, deze sequentieel geïm planteerde kinderen m eer moeite hadden m et 
h e t dragen van hun CI2 dan m et he t dragen van hun CI1. De resultaten  suggereren dat 
d it w ord t veroorzaakt door h e t dom inante spraakverstaan m et de CI1. Dergelijke data 
zijn van groot belang bij he t optimaal kunnen counselen van ouders die een CI2 voor 
hun kind overwegen.
H oofdstuk 8 bestond u it een algemene discussie en een conclusie m et betrekking to t de 
hoofdbevindingen uit dit proefschrift. De sterktes en zwaktes van dit proefschrift 
w erden beschreven door middel van het vaststellen van het risico op bias. De gevolgen 
voor de huidige praktijk en voor toekom stig onderzoek w erden eveneens 
bediscussieerd. De resultaten duiden aan dat sequentiële bilaterale cochleaire 
im plantatie bij kinderen leidt to t verbetering in spraakverstaan in stilte en ruis en in 
lateralisatie. Het gevolg hiervan is dat deze kinderen een hogere kw aliteit van leven 
laten zien op de ziektespecifieke vragenlijsten. Ondanks dat de resultaten  van BiCI’s 
veelbelovend zijn, vertonen deze kinderen nog steeds dom inante resultaten m et de CI1 
en de resultaten  m et betrekking to t de EACR’s suggereren dat langere inter-im plantatie 
intervallen een nadelig effect hebben op de auditieve corticale ontwikkeling bij het 
stim uleren van de CI2. Ongeacht de psycho-akoestische resultaten van dit proefschrift, 
ondersteunen deze resultaten de gedachtegang dat BiCI’s idealiter sim ultaan of 
sequentieel m et een kort inter-im plantatie interval geïm planteerd m oeten w orden om 
de nadelige effecten van langere inter-im plantatie intervallen te reduceren. Als ouders 
van de kinderen m et langere inter-im plantatie intervallen echter w orden voorzien van 
realistische counseling, dan zullen ook deze kinderen de voordelen van bilateraal horen 
ondervinden.
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Een proefschrift kan natuurlijk niet eindigen zonder een w oord van dank. A llereerst gaat 
mijn dank u it naar mijn prom otoren prof. dr. ir. Snik en prof. dr. M arres en mijn 
coprom otoren dr. Mylanus en dr. Beynon. Beste Ad, bedankt voor je nuchtere en 
kritische blik. Jouw kijk op de w etenschap gaat uit van de praktische w aarde van het 
onderzoek voor het kind. Van dit uitgangspunt heb ik veel geleerd. D aarnaast wil ik je 
bedanken voor de vrijheid die je me hebt gegeven bij he t schrijven van mijn stukken. 
Beste Henri, op de valreep ben jij toch nog mijn prom otor geworden. Ondanks dat je me 
pas m eegem aakt heb t tijdens de eindsprint, wil ik je bedanken voor je interesse en je 
overzicht. Beste Emmanuel, m et jouw voortschrijdend inzicht zet je ons team  op de 
kaart. Bedankt voor jouw  initiatieven, je pragm atisch handelen en n iet te vergeten, je 
m orele ondersteuning. Ook al heb je een zeer volle agenda, ik kon je vrijwel altijd 
bereiken, zelfs tijdens operaties of in je vrije tijd. Beste Andy, zonder jou had ik nooit een 
proefschrift kunnen schrijven binnen de KNO. Ik wil je bedanken voor de kans die je mij 
hebt gegeven. Tevens wil ik je bedanken voor de begeleiding rondom  de EP-stukken.
Ook wil ik de leden van de m anuscriptcom m issie bedanken voor het beoordelen van 
mijn manuscript.
Daarnaast wil ik alle ouders en kinderen die hebben m eegew erkt aan het onderzoek 
hartelijk danken voor al hun tijd en energie die ze hebben gestoken in de 
terugkom dagen en de vele testen. Zonder jullie had ik dit proefschrift n iet kunnen 
schrijven.
Beste w erkgroepleden van het bilaterale project binnen CI-ON (Jelmer, Bert, Rob, 
Emmanuel, Wilko en Bert), ik wil jullie bedanken voor de leuke en leerzame 
samenwerking. Ik wil in he t bijzonder Bert Maat danken voor zijn grote steun als 
projectleider. W anneer Jelmer en ik door de bom en het bos niet m eer zagen (we couldn’t  
see the forest plots for the trees), was jij altijd bereikbaar en dacht je m et ons mee.
Beste Rens, ik vond het erg leuk om m et jou een publicatie te schrijven. Jouw ideeën zijn, 
naar mijn mening, voor de ouders van kinderen die een tw eede CI overwegen van groot 
belang. Bedankt voor jouw expertise en inzicht.
Beste Lucas, ik wil je graag bedanken voor de klinische begeleiding binnen het CI-team. 
Ik heb hier ontzettend veel van geleerd.
Beste collega’s van het CI-team, ik wil jullie bedanken voor de team  sp irit en het delen 
van de kennis. De sam ensm elting heeft he t team  zeker verrijkt.
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Beste (ex-)roomies (Bart, Aukje, Constance, Karin, Jacqueline), ik wil jullie bedanken 
voor jullie gezelligheid. Onze kam er w as/is  altijd ne t een zoete inval, w aar je kon/kan  
lachen, gieren en brullen. Door het nodige stoom afblazen en de kantoorhum or ben ik 
me echt thuis gaan voelen bij jullie. Aukje en Constance, jullie wil ik verder bedanken 
voor het in banen leiden van het bilaterale project. Zonder jullie was het me niet gelukt. 
Bart, op jou kan ik altijd rekenen. Ik vind het dan ook erg fijn dat je me bij w ilt staan 
tijdens de verdediging.
Ook kan ik natuurlijk n ie t mijn blauwe m aandagroom ies overslaan (Lucas, Carlo en 
Geert); he t was kort m aar krachtig! Carlo, wij als uitbijters binnen de 
onderzoekerspopulatie hebben samen veel meegemaakt. Ik w ens je veel succes bij het 
voltooien van jouw proefschrift.
Ellie en Adriënne, ik wil jullie als superm eetduo van het bilaterale project in het 
bijzonder bedanken. Adriënne, bij jou als surrogaatm oeder viel er altijd w at te lachen. 
Ellie, bij jou kon ik altijd mijn ei kwijt. Het voelt dan ook fijn dat jij als mijn paranim f 
naast me kom t ‘shinen’ tijdens de promotie. Ik wens je een mooie toekom st als 
w etenschapper toe.
Ik wil dr. Moonen, Judith Lamberts en Wikje Dijkwel bedanken voor hun steun op weg 
naar de eindsprint. Het doel is behaald; he t proefschrift ligt er.
Iedereen die ik de afgelopen jaren zo gruwelijk verw aarloosd heb: bedankt voor het 
begrip. Na mijn prom otie hoop ik jullie w at vaker te kunnen zien en zal ik beloven (te 
proberen) niet m eer te laat te komen.
Lieve papa en mama, ik wil jullie bedanken dat jullie, ondanks alles, er altijd voor me zijn 
en me de kans hebben gegeven om te gaan studeren. Pap, ook al is er n iet overal een 
oplossing voor, w eet dan dat ik al een grote meid ben. Mam, bedankt voor al jouw goede 
zorgen. Ik vind het erg leuk dat we de afgelopen jaren zoveel m eer contact hebben en 
leuke dingen sam en doen.
Lieve W outer, jij w eet als geen ander hoe het is om te prom overen. Ik vind het mooi om 
te zien hoe jij je leven leeft. Ik wil jou en Erica bedanken dat ik altijd welkom ben voor de 
gezelligheid of een goed gesprek.
Lieve Amber en Tara en straks kleine Uk, ik wil jullie bedanken voor jullie pure 
karaktertjes, die ervoor gezorgd hebben dat tante Loes de boel soms w eer een beetje in 
perspectief kon zien.
Lieve Thijs, ik wil je bedanken om dat je mijn lieve broertje ben t en je soms een ietw at 
bijzondere m aar ook mooie kijk op de w ereld hebt. Onze wekelijkse eetdates zorgden
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niet alleen voor ontspanning, m aar hielden me ook een beetje op de hoogte van w at er 
buiten mijn proefschrift om in het leven gebeurde.
Lieve Jelmer, ik ben me er terdege van bew ust dat ook jouw collega’s he t m eest gelezen 
gedeelte van het proefschrift niet over zullen slaan. Daarom zal ik he t bescheiden 
houden. Bedankt voor al jouw  steun en de letterlijke bijdrage aan mijn proefschrift. Met 
jou sam en wil ik de weg van de toekom st bewandelen.
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